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ABSTRACT

On the Performance Analysis of Free-Space Optical Links under
Generalized Turbulence and Misalignment Models

Hessa AlQuwaiee

One of the potential solutions to the radio frequency (RF) spectrum scarcity
problem is optical wireless communications (OWC), which utilizes the unlicensed op-
tical spectrum. Long-range outdoor OWC are usually referred to in the literature
as free-space optical (FSO) communications. Unlike RF systems, FSO is immune to
interference and multi-path fading. Also, the deployment of FSO systems is flexible
and much faster than optical fibers. These attractive features make FSO applicable
for broadband wireless transmission such as optical fiber backup, metropolitan area
network, and last mile access. Although FSO communication is a promising technol-
ogy, it is negatively affected by two physical phenomenon, namely, scintillation due to
atmospheric turbulence and pointing errors. These two critical issues have prompted
intensive research in the last decade. To quantify the effect of these two factors on
FSO system performance, we need effective mathematical models. In this work, we
propose and study a generalized pointing error model based on the Beckmann distri-
bution. Then, we aim to generalize the FSO channel model to span all turbulence
conditions from weak to strong while taking pointing errors into consideration. Since
scintillation in FSO is analogous to the fading phenomena in RF, diversity has been
proposed too to overcome the effect of irradiance fluctuations. Thus, several com-
bining techniques of not necessarily independent dual-branch free-space optical links
were investigated over both weak and strong turbulence channels in the presence of
pointing errors. On another front, improving the performance, enhancing the capac-

ity and reducing the delay of the communication link has been the motivation of
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any newly developed schemes, especially for backhauling. Recently, there has been a
growing interest in practical systems to integrate RF and FSO technologies to solve
the last mile bottleneck. As such, we also study in this thesis asymmetric an RF-FSO

dual-hop relay transmission system with both fixed and variable gain relay.
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Chapter 1

Introduction

1.1 Background and Motivation

For the human being, communication is important for establishing a sense of social
cohesion. Communication is defined as the activity of information exchange between
two or more parties by speaking, writing, or using another medium through the same
system of signs. Since man appeared on earth, communication took various forms
starting from cave paintings. Other forms of long-distance communication have also
existed such as drums, smoke signals, and pigeon post. Because these forms cannot be
standardized, other forms were developed through writing, printed books and press,
and sending mails.

As things evolve, there was a desire to transfer messages quickly and efficiently
over longer distances. This desire was accommodated through the invention of the
telegraph. The main principle behind the telegraph is to send electrostatically gen-
erated signals through a wire. The communication system consists of three main
components, a battery for electricity generation, a key to break the circuit and an
electromagnet at the receiving side. Using the telegraph was very popular, especially
in the military services as it allowed sending instant messages across long distances.
However, the cost associated with sending a telegraph was relatively high leading to
its exclusion as a technology.

In 1876, Alexander Graham Bell noticed that sound vibrations travel through

the air and can be received at a different end. By this observation, he patented the
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telephone in which these vibrations could be transferred across a wire by a continuous
current. His discovery was widely accepted and is still used today.

During World War I, short-wave communications were utilized to transfer mili-
tary messages. Once the war ended, this new form of communication unexpectedly
took the world by storm. In 1920, commercial broadcasting started and by 1925 ra-
dio transmission was regulated by the Federal Communications Commission (FCC).
Radio technology advanced so fast to become the hottest communication technology
enabling transmission over long distances with better quality, less power and smaller
devices. It was so popular that radios were to be found in every house.

The popularity of radio transmission demonstrated that the voice could be trans-
mitted through air wirelessly, without the need for wires utilizing the electromagnetic
spectrum. It also broadens the desire to transmit images and text instantly. Hence, in
1927 voice and images were available to be transferred via television. Since then and
until 1960s, the technology advanced rapidly such that commercial telecommunica-
tion satellite was enabled and made a significantly major change in the market. The
television became the source of accurate and timely news. Moreover, people relied on
the television for constant entertainment.

After such a development in telecommunication, the market needed more full-
duplex technologies allowing both parties to communicate simultaneously. In fact, the
drive for most of these developments was for military purposes. As such, in 1967 the
Internet, in which computers are allowed to exchange information, was originated. In
the beginning, it was limited and then it went viral after several decades. The Internet
usage includes information exchange via email and websites. Moreover, depending
on the radio frequency carrier again, Martin Cooper invented the first mobile phone
in 1973, allowing placing and receiving calls within a telephone service area. Mobile
phones were widely accepted, as it is more convenient than landlines since they remove

the need for wires.
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During the early 2000s, wireless communications were attractive as network-
enabled handled devices were evolving. Conventional wireless communication ap-
plications, involve both cellular and data, depend on the radio frequency (RF) to
modulate the electrical signal whose range varies between 30 kHz and 300 GHz in
the electromagnetic spectrum. RF communications are attractive since the waves are
easily generated, spread in omni-directions, can travel long distances and finally can
penetrate buildings, providing wider coverage. However, all these new applications
require things to be taken into consideration. First concern is the bandwidth alloca-
tion which can be defined as the process of designating radio frequencies to different
operators. Moreover, the RF spectrum is a national source that governments usually
regulate, license and optimize to be used in radio broadcasting, industry, and com-
mercial services for the public. In the United States as an example, the spectrum is
regulated by the FCC.

Since the radio spectrum is a limited resource, it requires an effective and effi-
cient allocation. Recent high demand of services and increases in the wireless data
usage have led to two major issues in the communication industry, namely, the spec-
trum exhaustion and last mile access bottleneck. Spectrum exhaustion, crunch or
congestion, is defined as the shortage of available wireless frequencies within the ra-
dio spectrum to accommodate a growing number of consumer devices, along with
different government and private sector uses. This crunch is considered as a risk in
wireless networking and telecommunication, leading to some undesirable future im-
plications. On the other hand, last mile access bottleneck can be defined as the last
mile link connecting the network to the Internet service providers (ISPs) network.
For example, Internet connectivity is not available to some rural areas due to the lack
of telecommunications infrastructure.

The research community, represented by scholars across universities, are driven to

find realistic and effective solutions to these rising problems. One of the first trails
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was the cognitive radio (CR) that is based on the temporal use of the unoccupied
spectrum. CR aims to increase the capacity per channel usage. Another interesting
direction of solutions was proposed including the spatial usage of the spectrum via
femtocells and multiple-input multiple-output (MIMO) systems, which enhance the
capacity per square meter. The third solution proposed is to utilize different parts
of the spectrum. It is achieved by optical wireless communication (OWC) systems.
Our interest and main focus in this dissertation is the third direction as is described

in the following sections.

1.1.1 Optical Wireless Communications

OWC offers an appealing, powerful, and attractive solution to replace and/or com-
plement the conventional RF wireless communications for several reasons [2]. The
first and most important reason is that the optical band in the electromagnetic spec-
trum is not licensed nor regulated, which reduces the operation cost since licensing
fees are not needed anymore. In RF systems, it is required to design high-frequency
circuits to perform back-and-forth conversion between baseband and transmission
frequencies, whereas in OWC, this task is implemented by inexpensive light-emitting
diodes (LED) and photodiodes. In comparison to RF, the range of the optical ra-
diation can be easily controlled. Furthermore, the radiation cannot penetrate walls.
All these properties cut down the interference between adjacent systems and enhance
the security of the system. Lastly, utilizing the optical band implies the usage of
unregulated frequencies at the terahertz (THz) range, leading to much higher data
rates than conventional RF rates approaching gigabits per second, according to some

experiments.
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1.1.1.1 Historical Overview

Using OWC as a form of communication is not a new emerging technology. The
earliest form was sunlight when the ancient Greeks and Romans utilized their shields
to reflect sunlight. In 1880, Alexander Graham Bell, after patenting the telephone,
invented the photophone that can be considered as the first wireless telephone sys-
tem [3].

The photophone transfers sound on a beam of light. The voice is first projected
via an instrument toward a mirror leading to noticeable vibrations. When sunlight
is directed onto the mirror, the photophone receiver captures the oscillations and
translates them back as voice. The photophone works similarly to the telephone but
instead of relying on electricity, the information is transmitted using light. The pho-
tophone continued to be developed for military usage. However, after the invention
of lasers in 1960s, there were many attempts for optical transmission. Goodwin in [4]
listed various OWC demonstrations that have been performed using different types of
lasers and modulation schemes during 1960-1970. Most of the experiments failed due
to two reasons, namely, laser beam divergence and atmospheric turbulence. In the
1970s, fiber optics was developed to be a good choice for long-distance optical trans-
mission. Hence, the interest in OWC shifted away and for years, remained limited to

military and space applications only.

1.1.1.2 Current Status and Future Development

After the RF spectrum crunch, a number of companies have shown novel and efficient
developments in OWC links that can be promising. These developments can be
suitable for building future heterogeneous communication networks to support a wide
range of service types and to meet the demands for higher data rates. Variations of
OWC can be potentially employed in different communication applications, ranging

from optical interconnects within integrated circuits through outdoor inter-building
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links to satellite communications. Based on the frequency range, the OWC can be
divided into 3 types. The first is the near infrared (NIR) band (of wavelength 750-
1550 nm) used in most terrestrial point-to-point OWC systems, that is called free-
space optical (FSO) communications. These systems are applicable for inter-building
connections. The second type is the visible band (of wavelength 390 — 750 nm) that
is used to operate the visible light communications (VLC), taking advantage of LEDs
to transmit and receive data ensuring human eye safety. The third type is the ultra
violet band used by ultraviolet communication (UVC) systems for applications that
require non-line-of-sight configurations. Also the OWC can be divided according to

the applications as follows [5]:

e OWC is suitable for ultra-short range links such as inter-chip and intra-chip
communications because of its higher bandwidth and low latency. This makes
it a great replacement to copper-based interconnections which are considered a

major bottleneck in system design.

e In the wireless body area network (WBAN), the RF technology is commonly
used but it can cause some issues due to electromagnetic interference (EMI).

Hence, VLC via LEDs is suitable for such short range links (order of 10 cm) [6].

e Due to recent development in solid state lighting, such as long life expectancy,
high tolerance to humidity, lower power consumption, and reduced heat dis-
sipation, OWC is applicable to medium range links (order of meters) as in
wireless local area networks (WLANSs). Some implementations are available in

the literature as:

— VLC can provide very high speeds up to 3.5 Gbps according to recent
work [7,8].

— Some start-up companies based on the UK, France and Japan namely
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PureVLC, Oledcomm, and Visilink have also been exploring the commer-

cialization of this technology [5].

e OWC, in particular FSO, can also be utilized for longer distances up to sev-
eral kilometers, providing high data rates and offering potential solutions for
various problems, such as last mile access, cellular backhaul bottleneck, local
area network (LAN) interconnections in enterprises or on campuses, broadband
access to remote or/and rural areas 9], wireless video surveillance and backup
links in disaster situations where existing infrastructure could be damaged or
unreliable. Real-life events have proven the efficiency of deploying FSO tech-
nology as redundant links. Specifically, after the 9/11 terrorist attacks in New
York City, FSO links were utilized to provide an emergency gateway to financial

corporations in the Wall Street region, in which landlines were out of service [5].

e Moreover, the range of OWC links can extend to 10* kilometers from ground-
to-satellite and satellite-to-satellite. In October 2013 as an example, NASA’s
Lunar Laser Communication Demonstration (LLCD) has shown the capability
of establishing FSO links between the moon and earth while achieving a data

rate of 622 Mbps over a distance of 384,600 kilometers [10].

1.1.2 Free-space Optical Communications

In this dissertation, we focus mainly on FSO communication, since it is a potential
solution for the bottleneck and spectrum exhaustion issues. FSO communications is
a line-of-sight (LOS) and unidirectional technology that uses a modulated laser beam
through the atmosphere to establish a communication link for several kilometers,
providing data rates of giga-bits per seconds. For instance, state-of-the-art FSO
systems support 10 Gb/s Ethernet that equals the bandwidth provided by the metro

fiber optic systems [11]. Compared to fiber-optics, FSO systems deployment are both
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cost-and time-effective. On the other hand, FSO systems provide higher bandwidth

compared to RF, license-free usage, inherited security and interference immunity.
These features make FSO initially attractive for last mile access that connects the
end user to exiting fiber optics networks.

Although FSO seems promising, there are still some challenges that need to be
addressed. Indeed, as a laser beam propagates through the atmosphere, it is expected
to experience some distortions in its power, which of course affects the stability of the

receiving signal. In the following, further details on system loss factors are provided.

Absorption and Scattering The earth’s atmosphere is an absorbing medium. In par-

ticular, any radiating photon is absorbed by a gaseous molecule and turned into ki-
netic energy and then the atmosphere becomes heated. Moreover, the wavelength is
a major element in the absorption process. For example, O, and Oz molecules can
cancel the propagation of signals at a wavelength below 200 nm while it can be less
effective at the visible wavelengths (i.e., 400 — 700 nm).

Similarly, signal propagation through the atmosphere is prone to scattering which
is also a function of wavelength. For instance, Rayleigh scattering is considered
when air particles are smaller than the wavelength. In addition, when the size of
the particles is much higher than the wavelength, such as in rain and snow, FSO
transmission is relatively unaffected [12]. Generally, within the scale of metropolitan
deployments (links are less than 1 km), typical rain can lead to attenuation on the
order of 3 dB/km. However, severe rain can cause more attenuation, only in the case
of deployments higher than 1 km [13]. On the other hand, Mie scattering is considered
when the particles are of the same size as the wavelength, as in fog and haze. In this
case, the signal can be highly attenuated even for short distances. As an example,
experiments have shown that moderate fog over a distance of 50m leads to 90% loss

in transmission power [14]. Another experiment in [15] conducted on the range of
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785 to 1550 nm wavelength has shown that for foggy conditions, the attenuation is

independent of the wavelength, while for haze it is not. In particular, fog particles
(1000 nm - 20000 nm) are smaller than haze (10nm - 1000nm) and therefore haze
conditions have low impact on the attenuation of the light beam.

Scattering and absorption lead to reduction and/or attenuation of the radiation
in the atmosphere. This can be measured through the transmittance of the laser

radiation, which is also related to the propagation path, described by Beer’s law as:

T = exp(—a(A)L), (1.1)

where L is the propagation path length and a(\) is called the attenuation coefficient
defined as

a(\) = Aq + S,, (1.2)

where A, and S, are the absorption and the scattering coefficient respectively.

It can be concluded from studying the impact of absorption and scattering effects
on FSO systems that rain has a low effect on FSO while it is not the case for fog. It
is totally the opposite in RF [13}|14]. This has motivated the integration of RF and
FSO in communication networks.

Moreover, channel coherence bandwidth, which is inversely proportionally to the
delay spread, is an important factor in modeling the communication channel. Under
clear weather, there is negligible delay spread. However, fog and rain can increase the
delay spread, which consequently induce inter-symbol interference (ISI). However,
with the FSO high data rate, delay spread due to rain and fog scattering can be
ignored. In some experiments, it has been reported that for a 1 km link, the delay
spread due to rain is equal to less than 10 picoseconds, while it is limited to 50

picoseconds in the case of the presence of fog. Hence, the FSO channel is considered
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as frequency non-selective with no ISI.

Atmospheric Turbulence Induced Fading During transmission, the laser beam suf-

fers from scintillation which can be defined as the temporal fluctuations of the laser
beam intensity (irradiance), I,, at the receiving end. More specifically, due to temper-
ature and pressure inhomogeneity’s caused by solar heat, the refractive index (defined
as the ratio between the speed of light in a vacuum and the phase velocity of light in
the medium) varies along the transmission path, leading to fluctuations in the signal
amplitude and phase. The refractive index C? is considered as one of the most crit-
ical parameters to measure the strength of turbulence. It is an altitude dependent

parameter defined as |16]:

27 1000

h h
2.7x 1071 ——— | +4 —— 1.
+2.7x 10 exp( 1500) + exp( 100) , (1.3)

C7(h) = 0.00594 <i>2 (1071)" exp (_ h )

such that h is the height, v is the wind speed in meters per second and Cj is the
nominal value of the refractive index at the ground which is estimated to be 1.7 x
107, Typical C2 values can vary between 10~ m?/3 indicating weak atmospheric
turbulence and 107'2 m3 for strong conditions. These fluctuations can definitely
impact the system performance.

To quantify the effect of intensity fluctuations, the scintillation index is frequently
considered in the studies. It can be defined as the normalized variance of irradiance

fluctuations and can be expressed as

, _ElE—BlL? _ B[
S TUELPER " )

such that I, denotes the beam irradiance and E[.] stands for the expectation operator.

Another critical parameter to characterize the strength of turbulence is the Rytov
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variance

o 7/6
o = 6C? (7> LM, (1.5)

such that L is the propagation path length, ) is the operational wavelength, C? is the
refractive index, while § = 1.23 for plane waves and § = 0.5 for spherical waves. For
weak turbulence conditions, the Rytov variance is proportional to the scintillation
index, since it is the solution to Maxwell equations for electromagnetic wave propa-
gation through a random medium. In stronger regimes, it indicates the turbulence
strength by the increase of the refractive index or/and the path length. Hence, at weak
turbulence conditions, the scintillation index is proportional to the Rytov variance.
When turbulence gets worse, both the Rytov variance and scintillation index increase
accordingly, reaching strong turbulence conditions. At this stage, the scintillation
index reaches a maximum value and the Rytov variance is no longer a solution to the
Maxwell equations. With the continuous increase in path length or inhomogeneity
strength, the scintillation index reaches a saturation value close to unity. Saturation
occurs because of the self-interference of the beam, so it loses its coherence. It can
be concluded that the two major quantities are not independent as the optical wave
propagates. Thus, the variations in both ¢% and a?a could characterize the turbulence

into 3 regimes as following [17-20]:

e When the Rytov variance is below 1, it describes the weak turbulence regime.

In that case, the scintillation index becomes proportional to the Rytov variance.

e When the Rytov variance exceeds 1, the scintillation index increases to reach a
maximum value of about 5 and 6 in spherical waves and 2 in plane waves [19).
This condition describes the moderate-to-strong turbulence, which can be called

as well as focusing regime [17].

e Due to the continuous inhomogeneity’s of temperature and increase of propa-
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gation path, 0% continues to increase [20], which leads to the saturation regime

in which o7 = 1.

Assuming plane wave propagation, the turbulence conditions can be categorized into
three regimes according to the Rytov variance, 0% [21]: a weak fluctuation regime
(0% < 0.3), a moderate-fluctuation regime (0.3 < 0% < 5), and a strong fluctuations
regime (0% > 5).

It is obvious that the performance of FSO communication systems can be severely
affected by turbulence-induced scintillation. In other words, scintillation results in
power loss at the photodetetor and random fluctuations of the received signal [22].
To capture the effect of such phenomena, mathematical models for the probability
density function (PDF) of the instantaneous fading irradiance of the optical signal is

introduced as to be illustrated in Chapter

Geometric and Misalignment Loss The beam is prone to divergence when travels

through the atmosphere leading to geometric loss. Beam divergence can be calculated
using the link distance, divergence angle and aperture size. To effectively calculate
the geometric loss, it is important to identify the optical wave model. For horizontal
FSO transmissions, in the literature, it was shown that a Gaussian profile for the
beam intensity is a good approximation. When the Gaussian bean has relatively high
beam divergence in which it statistical characteristics is similar to point source. Thus,
the approximations of plane or spherical wave can be used.

Moreover, beam divergence can affect the alignment between the transmitter and
the receiver. Beam misalignment can also occur due to beam wander in which the
large-scale eddies that deviates the beam from original path. Also, misalignment can

be resulted from building sway, thermal expansion, and small earth quakes.

Eye safety Optical devices can pose critical health concerns if used incorrectly.

Hence, eye safety is an important aspect when employing optical wireless commu-
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650nm 880nm 1310nm 1550nm
Class 1 up to 0.2 mW up to 0.5 mW up to 88 mW up to 10 mW
Class 2 0.2-1 mW N/A N/A N/A
Class 3A  1-5 mW 0.5-2.5 mW 8.8-45 mW 10-50 mW

Class 3B 5-500 mW 2.5-500 mW 45-500 mW 50-500 mW

Table 1.1: Laser safety classifications for a point-source emitter.

nication systems. Moreover, safety standards have been imposed in which the optical
sources are classified with respect to the total emitting power as seen in Table. [L.1]
In general, the optical power emitted from the transmitter can be increased in
order to overcome all obstacles facing the beam as propagates. However, the power
must be limited to be complied with safety standards. All segments of OWC lead to
eye damage of the energy at specific wavelength exceeds safety levels. For outdoor
applications, high-power lasers are required for operation which are classified in the
Class 3B band. Therefore, these systems are advised to be placed away from human
contact preferably in rooftops. On the other hand, safety standards impose that
indoor applications must be class 1 safe under all circumstances making it another
challenges [23]. According to the table, launching power of indoor laser sources should
not exceed 0.5 mW which is considered very low. However, using LEDs instead of
laser sources offer much higher power while remaining Class 1 eye safe. It is because
LEDs are large-area devices unlike lasers that are point source devices. Hence, using
low cost LEDs as emitters either singly or in arrays become preferable in most indoor

systems.

1.2 Thesis Objective

The aim of this thesis is to provide generalized models for the turbulence and misalign-
ment. Also, scintillation mitigation methods are investigated using space diversity

and relaying. In particular, this thesis contributes to the literature as follows:
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A performance analysis of generalized turbulence model based on double gen-
eralized Gamma distribution is provided taking into account the effect of sym-

metric pointing error effects.

e Generalized misalignment model statistics based on the Beckmann distribution
is provided along with the asymptotic ergodic capacity based on the moment

approach.

e A performance analysis of selection combining diversity technique over dual-

branch FSO system is offered.

e A performance analysis of asymmetric amplify-and-forward relay-assisted FSO

links is given.

1.3 Thesis Structure

This thesis is organized as follows. It first starts with the introduction in Chapter 1.
In Chapter 2, the system and channel model considered in this work are proposed.
Next, the performance analysis of a single FSO link over the double generalized
Gamma channel is investigated in Chapter 3. Chapter 4 focuses on the asymptotic
capacity, assuming a generalized model of pointing error. Following this, Chapters
5 and 6 study some diversity combining techniques over dual-branch FSO for weak
and strong turbulence conditions, respectively. The performance analysis of dual-hop
relay-assisted FSO link is then provided in Chapter 7. This work is finally concluded

with a summary of contributions in Chapter 8. [24]
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Chapter 2

Free-Space Optical Communication Channel

Characterization and Modeling

2.1 Introduction

Mathematical modeling is crucial in the performance analysis of communication sys-
tems. It enables the prediction of the capabilities of the system before real employ-
ment. For FSO systems, the scintillation index in is first utilized to categorize the
turbulence strength. It can be used for further investigation to identify the distribu-
tion of turbulence-induced fading. This problem was widely tackled in the literature.
For instant, log-normal (LN) model is accepted to describe the turbulence in weak
regime [18]. On the other hand, different statistical models were investigated to fully
characterize moderate-to-strong turbulence conditions. First, the negative exponen-
tial model was identified to describe the limit distribution for the intensity in the
saturation regime [17]. Furthermore, The K-distribution was studied to characterize
the channel in the strong regime [25]. Later, there has been notable research work
that aim to come up with a universal model to span all turbulence conditions. These
efforts depend on doubly stochastic theory of scintillation in which the large-scale and
small-scale fluctuations of the beam are assumed to be generated from refractive and
diffractive effects [18]. Hence, the K-distribution was extended to double-stochastic
I-K distribution in [26,[27]. However, it was shown in [28] that I-K model might not
match experimental work. Several distributions such as Log-normally-modulated ex-

ponential, exponential Weibull and Log-normal Rice have been studied in [17,29-31].
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In the current literature, the Gamma-Gamma (I'T") scintillation model has gained a
wide acceptance to describe moderate-to-strong turbulence conditions [17,/18]. In a
recent study by [32], the double generalized Gamma (DGG) was proposed as a general
model to span different turbulence conditions. According to some simulation results,
the double generalized Gamma showed some superiority over the Gamma-Gamma
model.

In addition to the turbulence effect, a misalignment between the transmitter and
the receiver can lead to pointing errors and additional performance degradation. The
misalignment originates from either mechanical error in the tracking system or me-
chanical vibrations in the system due to winds or/and building sway [33]. More
specifically, pointing error results from the displacement of the laser beam along ver-
tical (elevation) and horizontal (azimuth) directions that are typically assumed to be
independent Gaussian random variables. A pointing error has two main components:
the boresight and the jitter. The boresight is caused by thermal expansion of the
laser beam and defined as the fixed displacement between the beam footprint cen-
ter and the center of detection plane. On the other hand, the jitter is the random
offset of the beam center at the detector plane, typically caused by building sway,
weak earthquakes, and dynamic wind loads [34]. In the literature, several studies
have been reported to model the pointing error effectively. For example, Farid and
Hranilovic in [35] assumed zero boresight and same jitter variance for vertical and
horizontal displacements. In the same fashion, Wang et al |[34] generalized the model
in [35] by considering a nonzero boresight. On the other hand, Gappmair et al in [36]
considered zero boresight but different jitter variances for the two directions. In our
work, we consider a generalized pointing error model taking into account a nonzero
boresight component and different jitter variances.

To capture the effect of these drawbacks on the performance of FSO systems,

combined statistics of turbulence and pointing errors is essential. Significant attempts
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were reported in the literature for Gamma-Gamma\Rayleigh channel model in [37],
for double generalized Gamma\Rayleigh channel in [38], for Log-Normal\Rician in
[34], and for Mélaga (M)\Rayleigh channel model in [39]. Finding the combined effect
of pointing errors and turbulence becomes a harder task when considering general
models of each (i.e. considering Beckmann model for the pointing error effect).

In this chapter, we present the models for turbulence and pointing errors consid-
ered throughout the work. In particular, we first investigate the most well-known
models of different atmospheric turbulence conditions. Then, we focus on the point-
ing errors effect to explore the various models visited in the literature. In particular,
we introduce our general model to cover different scenarios of misalignment. Finally,

closed-form for a composite channel model is proposed.

2.2 Modeling of FSO Atmospheric Turbulence

The irradiance of the received optical wave I is defined as I = Iyl,1, where I is the
path loss effect and it is assumed to be normalized to 1, while I, and I, reflect the
turbulence-induced fading and the pointing error effect, respectively [40]. The fading
due to the atmospheric turbulence conditions I, can be viewed as the modulation of
large-scale (refractive) and small-scale (diffractive) fluctuations (i.e. if the turbulence
cells are larger than the beam diameter and vise versa). Mathematically, it can be
written as [17]

I, =1,1

Y

(2.1)

where I, and I, are statistically independent unit mean processes representing large-
scale and small-scale effects, respectively.

In this section, various turbulence models are visited. In specific, the irradiance
I, which is considered as a random variable (RV) can follow different distributions

according to the turbulence conditions.
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2.2.1 Weak Turbulence Channel Model

For weak turbulence conditions, in which large-scale fluctuations dominate, I, is
modeled as [16]
I, = exp(2X), (2.2)

where X ~ N(ux,0%) is the log-amplitude of the optical intensity such that o% =
o%/4 = 0.30545 k7/6 C2211/6 [35] where 0% is the Rytov variancd'} C? is the index of
refraction structure parameter of atmosphere defined in , and k = 27 /) is the
optical wavenumber with A being the wavelength [41]. Then the PDF of I, can be

given as

(1) M} , (2.3)

1
T loam {_ 201
where pi; = 2ux and 0% = 40% are the mean and standard deviation of I,. To ensure
that the average power is not amplified by fading, the irradiance is normalized (i.e
E[l,] = 1 and u; = —20%) [42]. The nth moment for a LN RV I, can then be

calculated as

2 2
n°oy

E[I] = exp (n,uI + ) = exp (2nok(n — 1)), (2.4)

where E[.] is the expectation operation.

2.2.2 Moderate-to-Strong Turbulence Channel Model

Moderate-to-strong turbulence conditions result from combined effect of the large-

scale and small-scale fluctuations as in (2.1). Hence, the second moment of the

!For plane wave propagation, the Rytov variance is given as O’?% = 1.23%7/6 ngu/ 6 and 0% =
0.30545 k7/6 ngll/ 6. However, for spherical wave propagation, the Rytov variance is equal to
0% =0.5k7/% C2211/6 and therefore, 03 = 0.1250k7/6 C2211/6 [16, Eq. (97)].
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irradiance can be defined as
E[I2) = EIZE(12) 2.5)

Since [, and I, are assumed to be unit mean independent random variables, then

(2.5)) can be written as

E[lZ] = (1+07)(1+07), (2.6)

where o7 and of are normalized variances of I, and I, respectively. Then, the

scintillation index in (|1.4)) is expressed as
ai =(1+ O'i)(l + a?y) —1= ai + O'%y + 0'%10'2!. (2.7)

According to the novel work by [|17], I, and I, are generally modeled as Gamma

random variables leading to I, modeled as a I'T" RV with a PDF given by |17, Eq. 13]

i—Ka_ﬁ (2 aﬁ[) . (2.8)
The PDF in (2.8) can be rewritten as

o +B;
(iBil) "2

fuld) = [ ()T (Bi) 1

Gob | il : (2.9)

2

ai—pi Bi—a
2 b

where G7%"[.] is the Meijer’s G-function as defined in [43, Eq.(9.301)], I'(.) is the
Gamma function defined in |43, Eq.(8.310)], K;(.) is the modified Bessel function of

order 7, o and 3 are the fading parameters of large-scale and small-scale ﬂuctuationsE|.

2qr represents the effective number of large-scale eddies while 3 is the effective number of small-

scale eddies. The condition o > § always applies.
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The nth moment of I, can be derived by utilizing [44, Eq. 07.34.21.0009.01] as

Pla+n)0(5 +n)

Bl = ~arrare)

a

(2.10)

and the second moment can be written as

E[I?] = (1 + é) (1 + %) : (2.11)

Comparing ([2.6) and (2.11]), the following relations are trivial

= = 2.12
(6 0_%17 B O_%y? ( )
1 1 1
2
=—4+ -4+ —. 2.13
o 5 + 3 + op ( )

The variances of small-scale and large-scale fluctuations are expressed in terms of the
Rytov variance in [17, Eqgs. (18) and Eq. (19) ]. In the case of plane wave as an

example, the turbulence parameters o and 3 can be defined as

- 1-1
0.940%
a = |exp 25 | T 1 ,
i (1+ 1110577/ |

- q-1
B=|exp ((1 0.510% ) 1| . (2.14)

+0.690.7%)7/6

2.2.3 Generalized Turbulence Channel Model

In this section, we discuss a newly proposed model, namely the double generalized
Gamma developed by [32]. The model spans a wide range of turbulence conditions and
perfectly matches the simulation data as seen in [32, Figs. (1), (2) and (3)]. Under this
model, the large-scale and small-scale fluctuations, I, and I, respectively, are assumed
to follow generalized Gamma (GG) distribution [45,/46] i.e. I, ~ GG(ay, f1,€21) and

I, ~ GG(az, B2,€22), where 51 and 3, are shaping parameters defining the turbulence-
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induced fading while a;, s, 21, 29 are identified using the variance of the small and
large scale fluctuations from |17, Eq. (18)-(20)] inserted in [46, Eq. (8a), (8b), (9)].
Hence, the PDF of I, can be written as [46, Eq. (4)]

1-%0

0, \+o
i) = =555 n, o |\ ) mm

where kg = A(o : £1),A(N : B2), A and o are positive integers such as g = oL and

Az y) é%,%l...,%x_l.

The parameters A and o can be easily identified by first taking some possible
values of A (or o) then calculate the other parameter using the relation o = (’\Z—f‘ﬂ
<)\ = [%;”1) This results in different combinations of A and o as shown in Table.
. The perfect pair is chosen when the ratio error (i.e. error = [&1 — 2| x 22) is the
minimum as marked in blue in Table. 2.1 Moreover, Fig. [2.1] shows that different
values of A and o lead to the same result.

It is very important to note that ( coincides numerically with Extended
Generalized-K (EGK) PDF given in [47, Eq. (3)] and [48, Eq. (26)]. Also, the
Malaga distribution [49] that has been proposed as a unifying model for all turbulence

conditions reduces to the double GG by setting the appropriate parameters based on

the amount of fading (AoF) matching.

2.3 Pointing Error Impairments Mathematical Modeling

Pointing error impairments can lead to considerable loss. In this section, the statistical

model of the pointing error random variable, I, is discussed in details.
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Table 2.1: Possible values of A and o.

AN o FError o X Error
1 1 5898 1 3 23.05
2 1 1796 2 5 255
3 2 3847 3 8 9.38
4 2 179 4 10 2.55
5 3 3163 5 13 6.65
6 3 1796 6 15 2.55
7 3 4.29 7 18 548
8 4 1796 8 20 2.55
9 4 7.70 9 22 0.27
10 5 1796 10 25 2.55
11 5 9.76 11 27  0.69
12 5 1.56 12 30 2.55
13 6 11.13 13 32 0.97
14 6 4.21 14 35 2.55
15 7 1210 15 37 1.18
16 7 6.24 16 40 2.55
17 7 0.38 17 42 1.34
18 8 7.71 18 44 0.27
19 8 2.59 19 47 1.47
20 9 8385 20 49 0.50
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1.2 ! ! ! ! ! ' '
I Vionte—Carlo
— A=17,0 =7
1 * A=22,0=9 |/
Strong Turbulence conditions
0.8 -
[31 =0.5, Bz =18
o, =1.8621, a,=0.7638

Probability Density function, fr(I)

Figure 2.1: Comparison between PDFs obtained analytically and via Monte-Carlo
simulations for different values of A and o.

2.3.1 Generalized Misalignment Channel Model

Assuming Gaussian beam with initial beamwaist, wg, and radius of curvature, Fp,
propagating through atmospheric turbulence of distance z, the beam waist at the
receiver of radius a in long term, w,, can be defined |18| Eq. 45, p.238]. Given a radial

displacement r, the fraction of collected power at distance z can be approximated by

2 2
I(r: z) = Agexp (—%) ) (2.16)

Zeq

where w,,, is the equivalent beamwidth defined as w,,, = w252 % such that

Ay = [erf(v)]? is the maximum fraction of the collected power (i.e. the fraction of

0),v = 2’1 is the ratio between the aperture radius a and the

power at r = 502
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Figure 2.2: Beam footprint on the detector plane.
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beamwidth w, [35]. It is important to note that the approximation in ([2.16) is valid

when w, > 6a [34]. At the receiver, the radial displacement vector can be expressed
asr = [=v]", where x and y represent the vertical and horizontal displacements of
the beam in the detector plane. Thus, the distribution of 7 = |r| = /22 + 32 depends
on the distribution of  and y. Assuming independent Gaussian displacements along
the horizontal and elevation axes, then r can be distributed according to the following

distributions.

2.3.1.1 Beckmann Distribution

The Beckmann distributionﬂ is a versatile model that includes many distributions
as special cases. It is a four-parameter distribution modeling the envelope of two
independent Gaussian RVs. In our case, if both displacements are nonzero mean
Gaussian RVs with different jitters, i.e. « ~ N(uz,0,) and y ~ N(uy, 0y), then
r = |r| = /22 4 y? follows the Beckmann distribution [1, Eq. 2.37] [51, Eq. (31)]
with PDF given by

folr) = = /027r exp (—<r 0086 — pia)” _ (rsin® _“y>2> de. (2.17)

o 2 2
2m0 .0y 202 20,

With the PDF of r, we can calculate the nth moment of I, defined in (2.16)) as

" 2nr?
Ap exp (— 2 )

3The Beckmann distribution [51] is a four-parameter distribution corresponding to the envelope
of two independent Gaussian RVs, each with their own mean and variance. It is different than the
Log-Normal Rican distribution which can be also called as Beckamann distribution [17].

E[["| =E

Zeq

2
= A" M, (-%) , (2.18)
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where M,(.) is the moment-generating function of the random variable 7? and given

by (1, Eq. (2.38)]

1 12s p2s
M,2(s) = exp(1_2 =+ 1_‘; ] (2.19)
\/(1 — 025)(1 — o) 035 oS

Therefore, the nth moment of I, becomes in this case

ApEa§ 2n
E[L)] = ooy e (—
Jor@mreg \

12 1y

?’L+ n
I+ 1+g

) , (2.20)

20:, are the ratio between the equivalent beam width and

Zeq

Wze

where &, = % and §, =
€T

the jitter variance for each direction.

2.3.1.2 Rayleigh Distribution

When both displacements have zero mean and common variance, i.e. p, = g, = 0
and 0, = 0, = o as illustrated in Fig. [2.2b| r is a Rayleigh distributed RV whose
PDF is given by

fr(r) = %exp (—i) : (2.21)

202

The PDF of I, reduces in this case to [35]

£ e
fjp(lp):FI]g b (2.22)
0

where £ = 22, The nth moment can be deduced from (2.20) as

20 °

An 2
E[/"] = #22

p

(2.23)
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2.3.1.3 Rician Distribution

If both displacements have distinct nonzero mean and common variance, i.e. p, # [y,
o, = o, = o, as shown in Fig. then r is a Rician distributed RV with PDF

given by

fr(r) = % exp (M) Iy (E) : (2.24)

o 202

where s = /uz + pz and Io(.) is the modified Bessel function of the first kind of
order zero. This case has been visited in [34] and the PDF of the pointing error has

been derived as

52 exXp <;Ts§> - S Ip
J1,(Ip) = A—ngﬁ o (m\/—w%q In (A_())) : (2.25)

The nth moment can be deduced also from (2.20)) as

An 2 2 2
B[] == 1552 exp &#ﬂ‘;)) , (2.26)

which matches [34, Eq. 6].

2.3.1.4 Hoyt Distribution

Here, zero mean but different variances are assumed for the two displacements direc-
tions (i.e. p, = py = 0 and o, # o,) as shown in Fig. . In this case, r becomes a
Hoyt distributed RV with PDF given by

fo(r) = 5 exp (—M) I <M> : (2.27)

4q%0;
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where ¢ = &= = g—z This special case was studied in [36] and the PDF of I, was found

oz

<

to be given by

T [p
T, (p) = éAiy (A_o)

The nth moment can be deduced from (2.20)) as

£2(1+4%)
g1

21— ¢2) T
I (Mlnzp), 0< I, <A (2.28)

Apeaty
J@+n&+n

E[I"] = (2.29)

2.3.1.5 Zero-mean Single-sided Gaussian Distribution

In this scenario, the displacement occurs in only one direction either parallel or or-
thogonal to the detection plane (i.e. p, = p, =0, 0, = 0, and o, = 0). This model
was first introduced in [50] and the PDF of I, can be derived in this case by simple
RV transformation of , yielding

¢y
fr,(Ip) = £ , (2.30)

AgQ mIln (‘?—ﬁ)

and the resulting nth moment can be expressed as

§A

2.3.1.6 Non-zero Mean Single-sided Gaussian Distribution

E[I"] = (2.31)

In this case, we assume p, = y, = i, 0, = 0, and o, = 0 and we can obtain the PDF

of I, as

fr, (L) = I8¢

1
2

V2 exp <_2"252> I

2
w,/ln% w
p

(2u€2 21n ?) L (232)

w P
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and then the nth moment can as a result be expressed as

E[I"] = _AE p <_M) ' (2.33)

v+ &2 . w?(n + £2)
2.4 Modeling of Composite Channels

In this section, the combined effect of turbulence and pointing errors is presented.
Due to some mathematical restrictions, the turbulence is modeled by double GG
and the pointing error is modeled by the Rayleigh distribution. In specific, the joint

distribution of I = I,1, is given by [40L52,53]

f1(1) = / L) fr (L), 0< I, < Ay, (2.34)
with
1 I
) = f (1) 01 < Aok (2.35)

Inserting (2.22)) and (2.15) in (2.34), and using [44, Eq. (07.34.21.0084.01)] yields

Ato

fI(I):g%ﬁl—%Aﬁz—%(zw) 5 obest | M7 <@>“2A
P(B)T(B2)1 ekl g\ T

R1

o (2.36)

R2

where k1 =1 — %,A(o :1—061),A(N:1—52), and kg = ;75/2\ It is important to note
that when the pointing error effect approaches Z(—:-r(fl7 (2.36)) coincides mathematically and

numerically with [46, Eq. (4)].

4Non-pointing error case occurs when & — co and Ay — 1.
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2.5 Conclusion

In this chapter, we focused on two impairments which affect FSO systems and which typ-
ically lead to considerable loss namely, atmospheric turbulence and beam misalignment.
First, different statistical distributions of atmospheric conditions were visited. Then, a new
and general model for the pointing error impairments based on the generalized Beckmann
distribution was discussed. The pointing error model is generic and includes previously
published models as special cases. Then, we derived the joint PDF of the irradiance un-
der the impact of Rayleigh pointing errors over double GG turbulence channel. Our PDF
expression matches Kashani et al. [32] results mathematically and numerically when the

pointing errors effect approaches zero.
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Chapter 3

Performance of FSO Links over Double Generalized Gamma

Channels with Pointing Errors

3.1 Introduction

In this chapter, we propose a new unified model for the performance analysis of a single
FSO communication link that accounts for the impact of pointing errors and type of receiver
detector. More specifically, we present unified closed-form expressions for the cumulative
distribution function, the probability density function, the moment-generating function, and
the moments of the end-to-end signal-to-noise ratio (SNR) of a single link FSO transmission
system. We then use these unified expressions to evaluate performance measures such as
the average bit error rate (BER), the outage probability (OP), and the ergodic capacity
(EC) of a single FSO link operating over double GG fading channel model and under the

impact of pointing errors.

3.2 System Model

Let us consider a single FSO link with two types of detection techniques, namely heterodyne
and Intensity Modulation/Direct Detection (IM/ DD)H Data transmission is affected by

path loss, atmospheric turbulence conditions, pointing errors, and additive white Gaussian

!'Heterodyne detection mixes the optical field once it is received with locally generated signal and
then detection is carried on. Heterodyne provides better performance, however, it is complex to
implement. On the other hand, IM/DD is widely used in current FSO systems due to its simplicity.
IM/DD depends on the intensity of the optical field to detect the transmitted data.
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noise (AWGN)E| that can be modeled as

y=nlx+w |, (3.1)

where y is the received signal, 7 is the effective photoelectric conversion ratio, x € {0,2F,}
is the on-off keying (OOK) modulated transmitted signal (i.e. P, = 1/2), w refers to the
AWGN sample with power spectral density equals to Ny, and [ is the receiver irradiance
that is defined as I = I,I, where I, reflects the turbulence-induced fading and follows
double GG distribution with PDF given by and I, reflects the pointing error effect
with PDF equals to (2.22)). The joint PDF of I is expressed in [40].

3.3 Statistical Properties of the Signal-to-Noise Ratio

In order to carry out a performance analysis of any FSO communication system, it is
crucial to identify the statistics of the end-to-end SNR, . Examining several research work
reported in the literature, it is noticed that the SNR is defined differently with respect to the
receiver detector. In this section, we first examine each definition of the SNR to conclude
with a unified expression accounting for any receiver detector. Then, based on the general

definition of the electrical SNR, we find the statistical properties.

3.3.1 Probability Density Function

Heterodyne Detection 1In the case of this receiver, the average SNR py is defined as [53]

_ nE[]
No '

(3.2)

2Most optical wireless systems operate in shot-noise limited regime and in that case the ambient
light shot noise component dominants the shot noise generated from signal and the circuit. Thus, the
resulting noise of the channel becomes white shot noise and can be distributed as Poisson random
variables. By the central limit theorem, as the number of random variables approaches infinity, the
cumulative distribution function is approximated by Gaussian distribution [2].
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where E[I] is the first moment of I which can be found by

E[I] & /0 b Ifr(I)dlI, (3.3)

where f7(I) is defined in (2.36)). After solving the integration followed by some mathematical

manipulations, E[I] is expressed as

E[I] = —AlBlel = hAo, (3.4)

(1+¢2)A52"

A
520—/31*%,\52*% (zﬂ)F#

T(B1)T(B2)
is the vth-term of ky, and h = A1 By /(1 + ¢2)A5**. Tt can be deduced from (3.2) that the

o QA
where A4 = , Ao _ Bl B = H;’:Jrl’\f‘ (ﬁ + /ﬁ(m‘) , where £y

= TN
A 0"791?2

SNR at the output of heterodyne receiver is defined as

_nl

’7_ NO ’ (35)

where Nlo = huTlo' Following simple RV transformation of (2.36]), the PDF of v can be then

expressed as

K1

A onsott | qo1r—aon (1)
fy(v) = —Gy Ay h — (3.6)

M o+1,1
Y 7 o

K2

Intensity Modulation/Direct Detection Under this type of detection, the average elec-

trical SNR is given by [40]

2
= CELF, 57)

where E[I] is defined in (3.4)). This leads to define the electrical SNR as
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where X,—z = #. Again, the PDF of « can be derived by RV transformation of (2.36))
0

ag A
A

2
AL qOMo+L | f—1p—aa) [ F2
() 2y TAtoHL 2 ~

" (3.9)

K2

Unified Expression Observing (3.6) and (3.9) and utilizing [44, Eq. (07.34.17.0012.01)],

a unified PDF can be obtained as

agA | L

A - o T K2
Foly) = S a0 | aphe (”) , (3.10)

Yy My R

withP]
_ E[I']

E[y] = . 3.11
=7, E[T]" (3.11)

where /%1 =1- R1 = %,A(O’ : ﬂl),A()\ : ,82), f~£2 =1- K9 = %_‘;\52, Mty = (UE[I])T/No,
and r refers to the detection method (i.e. r = 1 represents heterodyne detection and r
= 2 represents IM/DD). This resulting PDF is generic and it reduces to the Gamma-

Gamma fading model with pointing errors case when a; = ap = 1, 01 = Qs = 1,

A=0=1, 0 =q,and fy = f as in [37, Eq. (3)] |37, Eq. (1)].

3.3.2 Cumulative Distribution Function

The cumulative distribution function (CDF) is defined as

F(y) = / £ d, (3.12)

3The average SNR 7 is defined as 5, = n"E[I"] /Ny while the average electrical SNR p,. is given
by p. = n"E[I]"/Ng [54]. Thus, the relation between the average SNR and the average electrical

SNR is trivial given that E[I*] a

B? = 02,4 1, where 02 is the scintillation index [55].
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can be obtained by utilizing [44, Eq. (07.34.21.0084.01)] yielding

]-7"13
., (3.13)
/14,0

W(/V) =

52051—%)\52—%(271')1*%7@31-"-52—2 G“vl o (l)”
aAL'(B1)L(Ba2) bt Ju

where v = ap\, u = r(A + 0 +1), C = (A:h2* r*F7)" )y = [A(r : F2)] comprised of
r terms, and x4 = [A(r : &1)] comprised of r(\ + o + 1) terms such that [A(z : ;)] =
A(z:a1),A(z:a2)...,A(z : ap,). The CDF can be given in a simpler form in terms of

basic elementary functions by first inverting the argument of the Meijer’s G function

using [43, Eq. (9.31.2)] and then applying [37, Eq. (24)] as

lim G | Zxak 1 Hl 1k F(ax —a) JLZ, T(1 + b — ax)
l n+1 F(l +a;— ak) H?:m_H F(ak - bl)7

(3.14)

with ap —a; # 0,21, £2,--- . (k,l = 1,...m;k # 1) and ar, — b # 1,2,3,...;(k =
L,...,n;l=1,...,m). Thus, the CDF in (3.13) can be expressed asymptotically at

high SNR as
E20P1-3 \P2-3 (gﬂ)lfwrﬁﬁﬂzd
) ~
7(7) pr>1 as\['(51)T(52)
v —I'i4k K — K
% Z[ (Mr) } Hz 1,1£k I (K 4,k)‘ (3.15)
K4k Hz:1 (li3,l - /i4,k;)

Hence, the asymptotic expression of the CDF is dominated by m1n(§2, b @) where
rv? ro? rA

% represents the first term, f—; represents the (r + 1) term and f—i represents the

(r +ro + 1)" term in x4 i.e. when the difference between the parameters is large

enough then the asymptotic expression of the CDF in (??) is dominated by a single

term corresponding to the minimum of the three parameters. On the other hand,

if the difference between any two parameters is not significant, then the asymptotic
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expression of the CDF in (??) is dominated by the summation of two terms corre-
sponding to the first and second ranked minimum of the three parameters mentioned

above.

3.3.3 Moment Generating Function

The moment generating function (MGF) that is defined as

M., (s) £ E[e ], (3.16)

M(s) =5 [ exp(-1)E ). (3.17)

Substituting (3.13) in (3.17) and utilizing [44, Eq. (07.34.21.0088.01)], the MGF' can

be expressed as

2584 N2} (o) S TOHP=02r 31 48,-2 VA1), K
My(s) = SR 00) e o () e
CJéz)\F(ﬁl)P(@) 7 Sthr K4
(3.18)

In a similar fashion, the MGF can be expressed asymptotically at high SNRs as

3—r(Ao)—ag
520-&1—%)\!32—%(277-)7( tP)me2d 8148,—2

pr>1 ‘/CYQ)\F(Bl)F(SQ)
1y s\ vk Thz e T (R — kag) T T ({A0 : 0) b + k)
" k=1 [C < v ) } H;:l [ (K31 — Kak) '
(3.19)

Again, the dominant terms can be derived in a similar fashion as the CDF in Section

9.0.2l
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3.3.4 Moments

The moments of v is defined as

HmﬂéAMWAWMw (3.20)

Placing (3.10) in (3.20]) and utilizing |43, Eq. (7.813.1)], the moments can be obtained

in a simple closed-form expression as

E[y"] = ABopy
(nr + €2)hr A3

, (3.21)

where By = H;jl’\f‘ (% + /ﬁoﬂ') )

3.4 Performance Analysis Measures

In this section, the performance of a single FSO link operating over double GG fading
channel is studied based on the results provided in Section[3.3] In specific, closed-form
expressions of the OP, AoF, BER and EC are derived.

3.4.1 Outage Probability

The outage probability P, is defined as follows:

Pout = PI'[’}/ < ’yth] = F’y(’%ﬁh) (322)
Accordingly, the OP of the link is obtained by substituting (3.13)) into (3.22)).

3.4.2 Higher-Order Amount of Fading

In this section, the amount of fading that can be considered as an important measure

to assess the performance of any wireless communication system is presented. The
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Parameters p and ¢ Modulation scheme

p=0.5and ¢ =0.5 Orthogonal coherent binary frequency shift keying (CBFSK)
p=05and qg=1 Antipodal coherent binary phase shift keying (CBPSK)
p=1and ¢=0.5 Orthogonal noncoherent binary frequency shift keying (NCBFSK)
p=1landg=1 Antipodal differentially coherent binary phase shift keying (DBPSK)

Table 3.1: Different Modulation schemes with respect to the parameters p and ¢ [1].

AoF aims to define the distribution of the SNR of the received signal [56]. The

n'"-order AoF for ~ is defined as [57]

AF, = — 1. (3.23)

Using this definition and substituting (3.21]) into it, the n*"-order AF can be rewritten

as

AF™ (r4&)"

= —1. 3.24
Y A?{L*lBgfl(n,r + 52) ( )

3.4.3 Average Bit Error Rate

The average bit error rate, Py, is the average number of bit errors per unit time. To
obtain an analytical expression of the average BER of the system, the conditional
error probability (CEP) formula for an AWGN channel is averaged over the fading
distribution. In other words, Wojnar in [58] unified the CEP to span coherent, differ-
entially coherent and noncoherent modulations of binary signaling transmitted over
the AWGN channel as

P(ely) = 2 00) (3.25)

20 (p) ’

where p and ¢ refer to different modulation/detection schemes as shown in Table.

and I'(.,.) is the complementary incomplete gamma function. Hence, the average
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BER is then obtained by averaging (3.25)) over the fading PDF as

= *T(p,q7)
Py :/0 T@fv(wd% (3.26)
[T T(p,qv)

and after applying integration part in (3.27)), the average BER can be expressed in
terms of the CDF of the fading RV as [59, Eq. (12)]

Py = %?m /O N exp(—gy)y" Ey(v)dy - (3.28)

Assuming double GG fading channel with pointing error impairments, Pj can be

derived by placing (3.13) into (3.28) and utilizing [44, Eq. (07.34.21.0088.01)] as

A(U 01 _p)al?"i?)

1 1 3—r(A4o)—ag _
? _ 620-51 2 )\HQ 2 (27]‘) 2 r51+,82 2 u7v+1 C v v
- r+uv+1,u+1

’ 20 (p)T(B1)T(Bs) (i \)3 7 qtir

K,4,0

(3.29)

Interestingly, the expression in (3.29)) can be also approximated at high SNR using

elementary functions as follows

3—r(Ao)—ag A
520517%)\1927%(2@*27( tP=e2) 814852

“ust 2D(p)D(B)T(Ba) (a))

" [071 (%)”] e T N ,.;47:k) [To T {AW@:p)hi+ Kap)
Kag | [y T (Ksg — Kag)

P

v
k=1

(3.30)

The dominant terms for P, are obtained the same way as the CDF was treated in

Section [3.3.2, If the conditions of a single dominant term are satisfied then (3.30) can
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be reduced to the very simple form as [60]

?b ~ (Gc : M?”)_Gda (331)

where G, refers to the coding gain while G, is referred to as the diversity gain.
Therefore, the diversity and coding gains of the system under consideration can be

simply expressed in terms of elementary functions as follows

2
G4 = vmin (é-_? &7 é) ) (332)
rv ro’ ri
and
. C—l/vq 520-617%/\1327%(27T)mwrﬁl+ﬂ2—2
c = X
v 20 (p)T(B1)T(B2) (@2 \)2 7
u v -1/G

% lel,lik r (’{4,l - ﬁ4,k;) Hl:l r ({A<U : p)}l + ’f4,k‘) ’ (3 33)

R4k H;Zl I (53,1 - H4,k) , '

v’ o’ TA

where k is the index of the min (ﬁ B @) which can be one of the following possi-

bilitiesk=1lork=r+1lork=r+rc+1.

3.4.4 FErgodic Capacity

The Shannon capacity of a communication channel is defined as the upper bound for
the maximum rate of transmission at small BER. Applying the theorem to AWGN

channel, the capacity can be written as
C = B 1ogs(1 + Yena), (3.34)

where B is the channel bandwidth and ~,,4 is the end-to-end SNR of the communica-

tion channel. Since the end-to-end SNR for fast fading channel is a random variable,
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then the channel capacity must be considered as random too and its average, known
as ergodic capacity, is defined as the average practical best rate for error-free trans-
missionf!]

Considering that perfect channel-state information (CSI) at both the receiver and
the transmitter of an FSO communication system, the ergodic capacity can be defined

as

C £ E[log,(1 + 67)] (3.35)

_ /0 loga(1 1 69) £, (7)d, (3.36)

where § = 1 for heterodyne detection (r = 1) and § = ¢/27 for IM/DD (r = 2). It
is very important to note that the expression in (3.35)) is exact for r = 1 while it is a

lower bound for the case of r = 2 |62, Eq. (26)] [63, Eq. (7.43)].

Expressing log,(1 + §v) as ln&?’;;w, C' is obtained by using (3.36)) along with the

identities [44, Eq. (07.34.21.0013.01)] and

Lo 1,1
1,0
yielding
o 52061*%/\52*%(277)2—042>\_%ﬂ7=51+/32—2 o c ( 1 )“ A(v:0),1, k3
In(2)T(B1)T (B2) a2\ e T No ), A 0),0
(3.38)

4 Although optical channel is well described as slow varying channel where coherence time is much
greater than transmission time, ergodic capacity is still a widely adopted metric. The suitability of
ergodic capacity as performance metric improves in this work as we consider pointing errors which
typically increase the rate of channel fluctuations. In the case of heterodyne detection (r = 1) the
expression C' = E[logy(1 + 0ena)] represents the exact ergodic capacity where § = 1. However, in
the case of IM/DD (r = 2) the expression C = E[log,(1 + 67)] where § = /27 represents a tight
lower bound for capacity is given as [61] [62, Eq. (26)] |63, Eq. (7.43)].



59
Moreover, C' can be written asymptotically at high SNR as

E2gf-b \-d (gﬂ)z—aﬂ——“*;") pBL+B2—2

C =
pr>1 In(2)0(81)T(B2) 2\
y ufl ! ()] [T T (krg = mr) TTL T ({A : D} + rg)

(1 = frg) [Ty T (kag — K7p) ’

(3.39)

where k7 = k4, A(v : 0),0 and can be reduced to the dominant terms slightly different

then in the case of Sec. m The asymptotic expression of the capacity in (3.39))

&€ B B2 e

is dominated by the summation of two terms, one corresponds to min ( , 2L, 22 )
rv? ro? rA’ v

such that ¢ is the (u + 1) term in k7 where € is a small error introduced to validate
the conditions of [37, Eq. (24)]. The second term corresponds to the (u + 2)™ of k7.
In another way, the channel capacity can be written in terms of the AoF at high

SNR as [48, Egs. (8) and (9)]

Eugl log(7) + aﬁ AF( o (3.40)
and with simple algebraic manipulation, it can be simplified further to [37]
6ME>1 ouls +(% (ERE > nzo, (3.41)
log(7) + <E[i]”% [v”]+Eh"](%E[lﬂn> -
log(7) + <E[§]”%E[ "] EREI g(EM)> -
log(7) + <E[}Y]n%E[ " ER]] g(‘)) ' -
) %EW] - (3.42)

Thus, high SNR approximation for the ergodic capacity can be obtained by evaluating
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the first derivative of the moments (3.21)) at n = 0 which is given by

A Bopr log(A
QEH - 152/ — |log(p,) — rlog(h) — M _|_ZB3 S -
on (nr + €2)hr Ay v v nr+§

(3.43)

)

where B3y = Z‘Zjl)ﬂﬂ (™ + ko) , such that ¢(.) is the digamma function [43, Eq.
(8.360.1)]. Evaluating (3.43) at n = 0, the ergodic capacity at high SNR can be

simply expressed as

+ %Bgynzo ~ L (349

- AIB2|n=0
C e

~
~

rlog(A
fr>1 ? log(dp,.) — rlog(h) — ¥

In addition, the ergodic capacity at low SNR regime can be approximated by the first
moment of the SNR. Placing n = 1 in the moments (3.21]), the asymptotic ergodic

capacity at low SNR can be expressed in terms of elementary functions as

6 ~ AlBg(S[LT
S (r 4 )b AP

(3.45)

3.5 Numerical Examples

In this section, we present some selected numerical examples to prove the validity of
the analytical results. Also, the impact of turbulence conditions and pointing errors
on the performance of the system under both detection techniques (i.e heterodyne
and IM/DD) is shown. In the simulations, two scenarios of atmospheric turbulence
conditions are considered, namely strong (i.e lower values of 5 and f3;) and moderate
based on the results reported in [32]. For strong turbulence, we consider the following
set of parameters: f; = 0.5, B = 1.8, a; = 1.8621, ay = 1, 1 = 1.5074, and 2y =1
such that A and o are chosen to satisfy the conditions to be 17 and 9, respectively. On

the other hand, for moderate turbulence conditions, we assume a; = 2.1690, ap = 1,
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B1 = 0.55, By = 2.35, 1 = 1.5793, and {25 = 1 where A\ and ¢ are chosen to be 28

and 13, respectively [46]. In both cases, it is assumed that s is an integer to satisfy

the condition aA being an integer.
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Figure 3.1: Outage probability of a single FSO link under strong and moderate
turbulence conditions for both detection techniques, heterodyne (r = 1) and IM/DD
(r =2) with £ = 1.

Starting with the outage probability of a single FSO link under two types of
detection techniques experiencing different turbulence condition is presented in Fig.
B.1] Moreover, the impact of pointing error is presented in Fig. 3.2 It is worthy of
note that simulation results match the analytical work. In particular, the asymptotic
results based on all terms match the analytical ones perfectly while the rest of the
results (based on two or single terms) converge very fast even for low SNR values. It is
observed as well that when the system operates on IM /DD, it is prone to outage more

than if heterodyne is considered. Moreover, high pointing errors effect (i.e £ — 0)
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Figure 3.2: The impact of pointing errors on the outage probability of a single FSO
link under strong and moderate turbulence conditions using IM /DD technique (r = 2)
with varying pointing errors.

leads to higher probability of system outage.

In addition, the average BER performance under differential binary phase shift
keying (DBPSK) modulation, where p = 1 and ¢ = 1, for single link FSO system
was evaluated in Figs. and [3.4. We can observe that the simulation results along
with the asymptotic (utilizing all terms in the summation as in ) are match-
ing with the exact analytical results. However, lower values of ¢ (i.e. high pointing
errors effect) affect the convergence of asymptotic results (utilizing only the domi-
nant terms). Specifically, in Fig. |3.4, we get asymptotic results by utilizing a single
dominant term of Eq. only for the case of £ = 6.7. This is mainly due to a
significance difference between & f—;, f—i which leads to a dominate term correspond-

rv’?

ing to min(ﬁ B @). In general, turbulence conditions and pointing errors result

rv’ ro’ ri
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Figure 3.3: Average bit error rate of a single FSO link under strong and moderate
turbulence conditions for both detection techniques, heterodyne (r = 1) and IM/DD
(r =2) with £ = 1.

in a considerable degradation in the error performance. Yet, heterodyne detection
provides better performance than IM/DD.

Finally, we show the impact of pointing errors on the ergodic capacity of a single
FSO link under double GG strong turbulence for IM/DD with varying £ in Fig. [3.5]
We can notice that high pointing errors effect reduces the capacity of the system. In
addition, we have evaluated the asymptotic results via two methods (i.e Meijer’s G-
function expansion and moments approximation). The asymptotic results derived in
(3-39) (utilizing all terms in the summation) match the exact results perfectly while
the other asymptotic (utilizing the dominant terms) converge faster for the case of
low pointing errors effect. In the same way, the exact ergodic capacity and asymptotic

results for low SNR regime is presented in Fig. as derived earlier in ((3.45|).
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Figure 3.4: The impact of pointing errors on the average bit error rate of a single
FSO link under strong and moderate turbulence conditions using IM/DD technique
(r = 2) with varying pointing errors.

3.6 Conclusion

In this chapter, we derived unified, novel, and closed-form expressions for statistical
properties of the end-to-end SNR of a single FSO link transmission system taking
pointing errors into account. Moreover, we presented link performance analysis by
offering closed-form expressions for the outage probability, the average BER, the
higher amount of fading in addition to the ergodic capacity in terms of the Meijer’s
G-function. Finally, for high SNR regime we expressed all of our derivations in terms

of elementary functions utilizing an asymptotic expansion for the Meijer’s G-function.
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Figure 3.5: Ergodic capacity of a single FSO link under strong turbulence conditions
for IM/DD (r = 2) with varying ¢ along with asymptotic results at high SNR.
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Chapter 4

Performance of FSO Links Under a Generalized Pointing

Error Model

4.1 Introduction

Identifying the statistical model of the received irradiance that counts for both scin-
tillation and pointing error facilities the performance analysis of FSO systems. To
illustrate, the scintillation effect is widely modeled as Log-Normal for weak turbu-
lence, Gamma-Gamma for strong turbulence [16,17,/64-68|, and double GG for wide
range of turbulence conditions [46]. In terms of the pointing error, it was first modeled
in [35] by a Rayleigh distribution, in [36] by a Hoyt distribution, in [34] by a Rician
distribution and more generally by a Beckmann distribution [51}/69]. Considering ag-
gregated channels in which the combined effect of the pointing errors and turbulence
is taken into account becomes a harder task, especially when considering general mod-
els of each. However, there are some attempts reported in the literature. Namely, the
Gamma-Gamma\Rayleigh channel model was investigated in [37], the double gener-
alized Gamma\Rayleigh channel was investigated in 38|, the Log-Normal\Rician was
investigated in [34], and the Malaga (M) \Rayleigh channel model was investigated
in [39]. So far, there is lack of studies on the performance analysis FSO systems
assuming Beckmann distribution for the pointing error. Moreover, obtaining closed-
form expressions of any of the performance measures might not be feasible especially
in the case of the irradiance being a mixture of two independent processes. This has

raised the interest to investigate the asymptotic limit at high signal-to-noise ratio.
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- Turbulence Only Turbulence and Pointing

Error
IM/DD IT [66L[70071] [40], [37]
LN [66,[70] *
Other [72] [73] [38]
Heterodyne I'T * [74], [37]
Detection LN * x
Other * [38]

Table 4.1: Summary of research work on ergodic capacity.

In this chapter, the focus is on of the fundamental information-theoretic measures,
namely on the channel capacity as explained in Sec. Several research works
have been reported in the literature aiming to find closed-form expressions of the
ergodic capacity of FSO systems as summarized in Table. [£.I] It is noticed that
the studies focusing on the joint effect of turbulence and pointing errors assume zero

boresight and the same jitter variance for horizontal and vertical misalignment.

4.2 Outline and Objective

In this chapter, based on the generalized pointing error model introduced in Sec.
2.3.1.1. We derive the asymptotic ergodic capacity of FSO systems under the joint

impact of turbulence and generalized pointing error impairments.

4.3 System Model

In this section, we assume that the beam is not perfectly aligned to the center of
the detection plane as seen in Fig. In specific, the beam is initially pointing
at A = [gp|" in the detection plane and it is detected by the aperture of radius a
placed at B = [uv]". Moreover, due to important initialization or other effect, A may
not collocated with B. Also, the beam may experience random displacements in two
directions namely, horizontal, x and vertical, y as the result of building sway. It is

commonly assumed that both displacements are modeled as independent Gaussian
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Figure 4.1: A general setup of Fig. [2.2a)

random variable i.e.  ~ N (g, 0,) and y ~ N(u,,0,). Then the distance between
the center of the beam footprint and the center of the ith aperture can be expressed
as

x
=m0 (1)
)

N =>

It follows that the attenuation due to geometric spread and pointing errors can be ap-

proximated by where r; = /22 + §2 such that & ~ N (fip, 07) and § ~ N (fi,, 07),

,&x:,ulx_‘_q_uiaﬂy:ll’y_l_p_via

4.4 Asymptotic Ergodic Capacity

In the high SNR regime, the channel capacity can be easily derived by utilizing the nth
moment of the effective receive SNR as in (3.42). The nth moment of the electrical

SNR is given as

B = (1) El (12)
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such that the nth moment of the irradiance, assuming I, and I, being statistically

independent processes, can be written as

E[I"] = ELIZE(}] = AJELIIIM,: (—2—”) , (43)

2
Zeq

where M, is defined in (2.19)). Inserting (4.3)) into (4.2) and following up from (3.42)),

the asymptotic capacity can be further expressed as

C = W —rlog(E[L]) + 2IE[I(’;”] : (4.4)
>1 on 0
such that
B OpAg 2r .,
W = log (]E[]p]r) o 12(0). (4.5)

Hence, is generic meaning that it is applicable to describe any turbulence by
inserting the moments of I, which can follow many distributions as seen in Sec. 2
Moreover, M, can take multiple forms depending on the misalignment. Beam mis-
alignment can be categorized into two types namely, bidirectional and unidirectional.
The bidirectional misalignment occurs in both horizontal and vertical directions and
r can follow different distributions such as Beckmann, Rayleigh, and Rician. On the
other hand, the unidirectional misalignment only happens in one direction, either
horizontal or vertical. In this case, r can only follows the one-sided Gaussian distri-
bution. Therefore, VW can take several forms as listed in Table according to the
specific pointing error model adopted. For example, for the most general case, W
becomes

1+ +&)7" o (@2 i
Wzlogq e y} 5u>_2L£%_2L55_w2r (1i§§+1+y£§)' .

Zeq
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4.4.1 Bi-Directional Misalignment

Here, we list the results of asymptotic ergodic capacity of FSO system over weak
and strong turbulence under pointing errors along both directions (i.e. elevation and
horizontal). The most general case of the pointing error is when the boresight and
jitter are taken into account. Taking the first derivative of , , and
and substituting it in (4.4]) and after doing some simple manipulations the following
results is reached

~ (1+§2>(1+52>}g ror 2 ( 72 02 )
Clrr = 1 & ol s - — - — — z v
IFFW>>1 Og({ ggg; " 2 . 1+§§+1+f§

—rlog(ap) + ri(a) + r(B

_ Q+e)1+8) e, R
o l T Yy - L Y
Clin = og ({ £2¢2 } op 262 262 w? <1 + &2 " 1+ 5?3)

— 2ro%. (4.8)

(4.7)

Y

s ~—

This result is generic and can specialize to different cases according to the pointing
error impairments model. For example, for zero-boresight and identical jitter in both
displacement directions (i.e. p, = p, = 0 and &, = §, = £), the general result reduces

to

Clev =, log ([ﬂ} cm) - L - rloglaB) + () +ru(8), (49

27T
Clxn = log ({i] (5u> _ L 2ro%. (4.10)
v
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On the other hand, when nonzero-boresight component is taken into account (i.e.

fe # Hy and & = &, = &), then (4.7) and (4.8) reduce to

27T 2 2¢2
Clrr &1 log({l—'_f} 5,u) _r_ s + 2rs’s —rlog(ap)

7> &2 & wi,  wi (1+8?)

+rY(a) +ri(B), (4.11)
= 1+&%27" ro 2rs? 2rs2£2
Cln =3 log ({T} 5#) e Wl + W2 (1+8) — 2ro%. (4.12)

It is important to note that when s = 0, both (4.11)) and (4.12)) reduces to (4.9)
and (4.10). When zero boresight but non-identical jitter for the two directions of the
displacement are assumed (i.e. p, = p, = 0 and &, # &, ), (4.7) becomes

S 1+€]5 1L+ 8"

om;llog({ =] ] 5u)—2%%—%%—Tlog(aﬁ)ﬂtb(a)ﬂtb(ﬁ),
(4.13)

S 1+€2)5 [1+€2]2

C|LN7§110g<[ 2 } [ 2 } 5/1)—2%%—2%5—27"@{ (4.14)

4.4.2 Uni-Directional Misalignment

In this section, we consider the pointing errors along one direction either the eleva-
tion or the horizontal and we derive the asymptotic ergodic capacity accordingly by
utilizing . For the zero boresight case (i.e. p, = p, =0, & =&, and £, = 0), we
can obtain the result by utilizing , , and as

2¢2
— 1+ ¢ 2 r
Clix ﬁ§1 log <[ & } 5,u> “oe 2ro%. (4.16)

It is meaningful to say that (4.13]) and (4.14]) reduces to (4.15]) and (4.16)), respectively

2773
Cler =, log <[1 o m) ~ g~ rlog(aB) +rv(@) £ r(B),  (115)

if either &, or &, tends to infinity (i.e. zero pointing errors effect). In addition, if
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boresight is considered (i.e. p, = p, = p, & = &, and &, = 0), we reach to the

following result by utilizing ([2.33))

— 1+¢2]° drp? 2rp2(1+ 262
Cler glbg({Jf_f] 5u>—L— Hy | 2ri(1+2¢°)
7>

&2 2wz, wi (1+8&)
—rlog(ap) + ri(a) + rp(6), (4.17)
B 1+ &2]2 ro drp? o 2rp?(1+28%) )
T 2, o8 ([ =] ) T, e, O (1

4.5 Numerical Examples

In this section, we validate and evaluate our analytical expressions of the channel
capacity for the single link FSO system over Log-Normal and I'T" channels with gen-
eralized pointing error model. It is important to mention that Monte-Carlo computer
based simulations are utilized to obtain all exact results. In each plot, we specify all

parameters considered in the simulation i.e. the beamwaist, wg, phase front Fj, the

2

) and bore-

distance z, aperture radius a, refractive index C?2, jitter variances o2 o
sight mean p, and p,. First, we compare between the single link and dual-aperture
FSO systems for different distances, z, as shown in Fig. 1.2 Tt is expected that the
diversity link can enhance the capacity when the turbulence conditions get severe
since the distance is directly proportional to the Rytov variance (i.e. as distance
increases, more turbulence eddies are added). Also, our asymptotic results are tight
at high SNR. However, as the channel gets more turbulent, the convergence of the
asymptotic results to the exact ones happen at larger SNR. In Fig. 4.3 we plot the
ergodic capacity of a single link versus the average electrical SNR, over weak turbu-
lence modeled as Log-normal fading channel. Assuming no-boresight, we consider
different scenarios of jitter variance i.e. high pointing error effect is presented by high

values of 02 and 02. Clearly, highly varying beam due to winds or other factor results

in performance degradation. Interestingly, our asymptotic analytical results show an
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Figure 4.2: Comparison between the channel capacity of a single aperture and dual-
aperture FSO system.

excellent match with the exact ones generated by Monte-Carlo computer based sim-
ulation. Next, we show the effect of beam waist at the transmitter on the capacity
of the link in Fig. [£.4] First thing to observe is that our asymptotic results converge
well to the ones generated by Monte-Carlo simulation. A wide beam delivers the best
result as it is robust to the pointing errors, in contrast to narrow beams. Lastly, for
the single link, we compare between unidirectional and bidirectional misalignments
over Gamma-Gamma turbulence in Fig. [4.5 Clearly, for low jitter variance i.e. high
values of £, both directions of misalignment have the same effect of the channel ca-
pacity. In contrast with high jitter variance case, channel capacity is less affected by

the unidirectional misalignment.
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Figure 4.3: The effect of jitter variance on the capacity of a single link over Log-
Normal turbulence.

4.6 Conclusion

In this chapter, closed-form asymptotic expressions of the FSO channel capacity were
derived subject to generalized pointing error impairments. The results are generic
and novel in the sense that they account for a variety of turbulence models and
misalignment scenarios. In specific, we calculated the asymptotic ergodic capacity
of FSO systems operating over the log-normal and Gamma-Gamma channels subject
to generalized pointing error impairments. However, our formula can be applied to
any turbulence channel such as K-distributed, double Weibull, double Generalized
Gamma and M channels. Numerical results, validated by computer simulations,
show that our asymptotic results can accurately predict the performance of FSO

system in the high SNR regime.



7

14 T T T T T
a=10cm, z = 1KM,
12} [ C2=107° F  =-10,
IN W= 1.66 cm, [y = 0.5,
S0k =04, 02=02 =041 -
o 1O [ Ay =5 %=y =5
~
2
<
< gt i
)
>
+~
'g 6 N
fa}
a3
o
%’ 4 r —&— Exact result, w = 1.66 cm | ]
go —¥— Exact results, w, = 1cm
= 2 Exact result, w  =0.8cm. | -
— — — Asymptotic results
I I I

0 10 20 30 40 50 60
Average electrical Signal-to-Noise Ratio (SNR), p,. (dB)

Figure 4.4: The effect of beam waist at the transmitter on the capacity over Log-
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Chapter 5

On the Channel Capacity of Dual-Receive FSO Link over
Correlated Weak Atmospheric Channels

5.1 Introduction

As widely adopted in RF, spatial diversity, in which multiple transmitters and/or
multiple receivers are employed, is usually utilized to suppress the effect of channel
fading. Similarly, this technique can efficiently mitigate scintillation according to
some reported work in the literature [54,75]. However, when considering diversity
links and due to system design, it is crucial to take into account the correlation of
the underlying channels since the spacing between beams or apertures cannot always
ensure uncorrelated signals [76]. Furthermore, identifying the statistical model of
the received irradiance that accounts for both scintillation and pointing error facili-
tate the performance analysis of FSO systems, especially in diversity links. Finding
the combined effect of pointing errors and turbulence becomes more complicated for
spatial diversity systems [42,50,(77.|78].

Due to the complexity of obtaining closed-form expressions of any of the perfor-
mance measures, the interest to investigate the asymptotic limit at high SNR has
been raised. In this chapter, the results derived in Chapter [4] are extended to obtain
the channel capacity of FSO systems with diversity reception. In particular, we aim
to develop closed-form asymptotic expressions of the capacity of dual-branch corre-
lated FSO channels operating over weak turbulence considering general model of the

pointing error.
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5.2 System Model

In this work, we consider dual-branch single-input multiple-output (SIMO) configu-
rations of the FSO system with two types of detection techniques, heterodyne and
IM/DD. Data transmission is affected by path loss, atmospheric turbulence condi-
tions, pointing errors, and AWGN. As such, the received vector y = [y; 0|7 , with

()7 is the transpose operator, is given by

y =nllpr+w, (5.1)

where I, = diag(/; , I3) is a 2 x 2 diagonal matrix reflects the turbulence-induced fad-
ing such that I; represents the irradiance received at the ith aperture, I, = [I,, I,,]"
is the 2 x 1 pointing error matrix consists of independent random variables where each
component represents the misalignment between the center of the beam footprint and
the center of the ith aperture, and = € {0,2P,} is the OOK modulated transmitted
signal with P; being average transmitted optical power. The vector w = [w; ws]” is a
noise vector of independent components modeled as white and Gaussian distributed
RVs. The received irradiance captured by each aperture is assumed to be following a
Log-Normal distribution with PDF equals to . Furthermore, it is important to
note that I;’s are not necessarily independent random variables. The spatial matrix

R can be of the form

R= , (5.2)
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where p is the correlation between [; and I, that is a function of the separation

distance, d, and the coherence length [79,80], given by

b= exp [— (pi(z)) ] (5.3)

where p,(2) = (1.46C2k%2)(=3/5) is the coherence length of a plane wave propagation['}
It is clear from the expression that the links are correlated when the spacing between
apertures is less than the coherence length of the beam. The electrical SNR of the
1th branch can be defined as

(nlilp,)"

i (5.4)

Vi =

The pointing error components at each aperture, I, and [,,, mainly depend on the

bl an
N "/

~
©

Figure 5.1: Beam foot-print of the dual-aperture FSO system.

distance ;. As observed from , the beam is originally pointing at A = [0 0]”

while the apertures are placed in By = [¢ 0]” and B, = [—4% 0]” such that d is the

separation distance between the centers of the apertures. Note that due to building

!Physically, the coherence parameter is the measure of light coherence across each transverse
plane along the propagation path [81]. The coherence length of a spherical wave propagation is
equal to p,(z) = (0.55C2k%2)(=3/%) 16, Eq. (65)].
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sway or other factors, the center of the beam moved to a random location A+ [z y]7.

Then, the distance to the center of the ith aperture can be given as (4.1

ry = \/<g - :c)2 + 42, (5.5)
ro = \/<g+x)2+y2. (5.6)

The displacements r; and ro are related as

r3 =13 + 2dr. (5.7)

At the receive end, two signals are captured. In order to detect the transmitted signal,
They are combined using two well-known techniques namely, selection combining (SC)

and switch-and-stay combining (SSC).

5.2.1 Selection-Combining

In this technique, the branch with the larger instantaneous SNR is selected and

therefore the output SNR can be written as

Ysc = max(’yl, 72)7 (5-8)

where ~; is defined in Eq. (5.4). Thus, Eq. can be rewritten as

nI{I’ nliI’ ,
Ys¢ = max (ﬁ, % = %0 max (I11p,, I,1,,)" . (5.9)

Inserting the definition of I,, and I,, (2.16), (5.9)) can be rewritten as

-9 2 -9 2 "
Yso = Niomax ([1/10 exp ( w;l) , 1o Ag exp ( w2r2>) . (5.10)
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Utilizing the relationship between r; and 7o in (5.7)), the definition of vs¢ can be

further expanded to

— 92 —2(r2 +2dz) \
Ysc = e max | [;Agexp il , Iy Ag exp M ,
Ny wgeq wzeq
—2r2\ )’ —4dz \ )
i/ Agexp i max | Iy, I exp < ,
No wZeq wgeq

n = \" N oo
= Fojpl max ([1,[2) N IPIISC 3 (511)
where I, = exp <2X2 > leading to Iy ~ In N (=202, — A\, 402, + A3) such that

A\ = s and N\, = ffudgﬂ. Furthermore, the nth moment of 75 can be expressed as

Zeq Zeq

E[fE[I5e]

Ebsel = " T iSC) 5.12
where E[I;Ll] can be derived using (2.18)), and E[I.] can be expressed as
1 ol
E[l%:] = exp | =n’k —n (M +202) ) Q ¢ —nk (1= po)
2 2 P
— _ 4 2 1 _ -1
+ exp (27120'51 - 271051) Q < ¢ naa;)( pe )) 7 (5.13)
1

where ( = \; —202 4202, k = Ay +402, , ¢ = 23/31, and P? = f(20,,,/k, —p) such

that f(a,b,c) = a® + b* + 2abc.

5.2.2 Switch-and-Stay Combining

In this combining technique, the first branch is by default considered for signal detec-
tion. However, if the SNR of first branch falls belows a certain threshold, the receiver

shifts to the second branch to detect the signal. In fact, the SNR at the output of a
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dual-branch SSC receiver, vssc, can be expressed as [1,[82]

1710
T, M=% S L, >
YssCc = = - (514)
Yo, m<vn |92 LI, <l

where ~; is the switching threshold below which the receiver switches to the other

diversity branch and I; = ¢ % Following similar analysis in Sec. [5.2.1] taking

turbulence and pointing errors into consideration, we have yssc = 351 I§5c, Where

I qo is given by

Il ) Iplll Z ]t
Isso = (5.15)

Iy, L, <I,
Then, the nth moment of the 755 can be expressed as

= g e (5.16)

P1

E [“Ygsc

where the moments of Igsc can be derived by utilizing earlier results in [83] as

E(I%gc) = e1exp (2’02, — 2no’ ) (Q (2npo,, — K1) + Q(Ky — 2noy,))

(3 ) (o (255 o (£5)) o
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such that

_ 202+ log(v)

K, - , (5.18)
Ko = A + 202, + log(7) (5.19)
Q(=Ky)
g1 = , (5.20)
QK1) +@Q <—K—i)
e
oY (%) (5.21)
Q (K1) +Q (—%)

5.3 Ergodic capacity

Based on ([3.42)), the asymptotic capacity of a dual branch FSO system with SC can

be written as shown in Eq. (5.22)

ral ~ T _CQ 2 . . 2 C
Clsc = W+ mexp (27312> \//\2 + 4 (04, — pOs,) + 4Py — 210, —1(Q (731

~rlog {Q (_C — 40%3(11 — p¢_1)) +exp <—(§ +202) + %FL2> 9) <%1_P@>} .

(5.22)

where Py = f(04y,04,, —p) . Since the moment of the irradiance Igsc is available,

we can directly apply (3.42)) to get the asymptotic capacity for SSC case as in Eq.

(5.23).
C r(l—p) —K2\ | ek — K2
C ~ Sl ) 2,0,
|ssc H>>1W+ NG (\/_810 . eXp( 5+ = o (52
1 2002 — K
- (51031 + 207, + §€2A1> —rlog {&Q (=204, + 04, K1) +1Q (—p pu 1)
1

() () () e
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5.4 Numerical Examples

In this section, we validate and evaluate our analytical expressions of the channel
capacity for the dual-aperture FSO system over correlated Log-Normal channels. It
is important to mention that Monte-Carlo computer based simulations are utilized
to obtain all exact results. In each plot, we specify all parameters considered in the

simulation i.e. the beamwaist, wg, phase front Fj, the distance z, aperture radius a,

refractive index C7, jitter variances o7 o, and boresight mean j, and .
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Figure 5.2: The effect of boresight and jitter variance on the channel capacity of
dual-branch FSO link.

First, we show the effect of boresight on the channel capacity of selection combined
FSO link with two scenarios of jitter variance and beam waist in Fig. and Fig.
5.3}, respectively. We can conclude that low varying beam and wide beam are more

resistant to the boresight. The main purpose of diversity is to overcome scintillation.
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Figure 5.3: The effect of boresight and beam waist on the channel capacity of dual-
branch FSO link.

It can also help suppressing the effect of beam boresight error. From our observation
in Fig. 5.4, with small boresight error, the distance does not make any difference
to the channel capacity. On the other hand, larger boresight, spacing distance can
be helpful in diminishing the effect of boresight. Finally, we show in Fig. the
effect of the pointing error on the channel capacity if SSC are employed to combine
the signal at the receive side. Here, we consider only unidirectional misalignment, so
we can obtain the optimal threshold v; = exp(—20%). It is clear that even with the

misalignment being in one direction, performance degradation is expected.
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Figure 5.4: The effect of distance and boresight on the channel capacity of dual-branch
FSO link.

5.5 Conclusion

In this chapter, we have successfully derived the asymptotic capacity of dual-aperture
FSO systems over correlated Log-Normal channels based on two combining technique
and under a general pointing error model. Numerical examples, validated by computer
simulations, were utilized to show the effect of boresight error, beam waist, separation
distance, and the jitter variance on the link capacity. Finally, the numerical examples
demonstrated that our asymptotic results can accurately predict the performance of

FSO systems in the high SNR regime.

50
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Figure 5.5: Unidirectional misalignment and corresponding channel capacity for the
dual-aperture FSO system.
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Chapter 6

Performance of Multichannel Reception over Generalized

Atmospheric Channels

6.1 Introduction

Diversity, in which multiple copies of the same data is transmitted to the receiver
such that each copy experiences different path/channel, has shown a great deal in
mitigating fading effects in RF systems in addition to improving both performance
and capacity [1},/84,85]. For diversity combining techniques, SC is one of the most
efficient and simple combining schemes. In SC, the receiver aims to process the
branch with maximum SNR. Diversity schemes in FSO systems was first introduced by
Ibrahim [86] followed by great number of research instigating diversity over weak and
strong turbulence conditions. Some investigated the spatial diversity and combining
techniques of correlated and independent log-normal turbulence channels |75]87-89].
Also, spatial diversity was studied over K-distributed channels for different combining
schemes in [54]. Moreover, SC over Gamma-Gamma under the impact of pointing
errors has been investigated [90].

Double generalized gamma channel model for free-space optical communication
systems developed by [32] covers a very wide range of turbulence conditions and
makes it generic to describe the FSO channel. Also, pointing errors was integrated
to this model to better show the impact of pointing error impairments on the FSO
system [38]. Hence, in this chapter, the dual-branch FSO selection combining scheme

operating on such channels is investigated to show diversity enhancement on the
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system performance and capacity.

In particular, we first express the statistical properties of the maximum of double
Generalized Gamma random variable under the impact of pointing errors in terms of
H-function and G-function. The statistical properties include finding the CDF, PDF,
MGF, and the moments in closed-form. Then, these results are exploited to evaluate
performance measures such as the average BER and the ergodic capacity of the FSO

system.

6.2 System Model

In this chapter, we consider two independent not necessarily identical FSO branches
over double GG turbulence and subject to pointing error impairments. The signal at
the receive end is then combined for detection. The system model analysis explained

further is suitable for any detection technique.

6.2.1 Selection Combining

Among different combining techniques, selection combining is utilized to mix the two
received signals. In other words, the end-to-end SNR of the system can be expressed
similar to ([5.8)) as

= max(Ya, 1), (6.1)

such that v, and 7, are independent not necessarily identically distributed (i.n.i.d)
modified double GGE| RVs whose PDF and CDF is listed in and , respec-
tively. It is important to note that by setting the follwoing parameters o, = \; =
V=1, pui=a, P2 = Bi, hi = 525%, & >>1then h; =1, C; = (O[T—QB)T, u; = 3r;,

k3

vi=1, k3 = A(ry : €+ 1), kg = A(ry 0 €2), A(ry 2 i), Ary : B;), double GG reduces

Modified double GG RV term refers to the joint effect of turbulence and pointing errors. In other
words, the irradiance becomes a mixture of two independent processes and is written as I = I,
where [, is modeled as double generalized Gamma RV whose PDF is expressed in and I, is
the pointing error RV whose PDF can be found in . The PDF of I has been derived in .
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to the case of I'T' turbulence perturbed by pointing errors [90)].

6.2.2 Statistical Properties

For a complete performance analysis of the system considered in this chapter, identi-

fying the statistical characteristics of the end-to-end SNR, ~v,,, is crucial.

6.2.2.1 Cumulative Distribution Function

The CDF of the maximum of two random variables can be written as

Fyy(7) =Pr(ye <vand 5 < 7). (6.2)

Since the branches are separated enough to make the random variables independent,

then (6.2]) turns to be

Fou(y) =Pr (v <7)Pr(m <7),

— F,(3)F, (). (6.3)

Then, the CDF of ), can be easily derived as

Ya |1 K w1 K
Ua, Y y 'v3a , Y y v3b
F'YM (7) = ASaASbGra.:Lua+1 Ca ( > G?:—l-ll,uri-l Cb ( )
Hra.a R4a, 0 Fhry.b Rap, 0
(6.4)

1 1 r;(XN;+o;) . L
o Ay, = £ I Yt g
3 a2; M (B14)T(B2:)
5_27,91#91*2
11
T(ay)D(B;)(2m)mi— 1

. For the case of Gamma-Gamma tur-

bulence model, we have Ags; =

Moreover, an asymptotic expression can be obtained via the expansion of the
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Meijer’s G-function in as Oy~ )”Z — 0 (i.e high SNR regime) as
Prul) = AududY <

R4b
K
) 4a,k ,y’Ube
Up
;Ufri,i>>1 1 a—1 ,,,[“a /“LT‘b,b

H?:al;l;ék (Kia4 — Kaak) Hl:l;l;ﬁx U(Kaps — Kapz)
Kaakbavz [ 1o D(Ksag — Kaar) [112q T(Ksbs — Kapg)

(6.5)

The asymptotic expression in ([6.5)) is simple and is in terms of elementary functions

that can be evaluated using any computer software.

6.2.2.2 Probability Density Function

The PDF is then obtained by differentiating (6.4]) with respect to 7 yielding

A3@A3b U Y Ub K3b Ug,1 Y e 17 R3a
f'YM (7) = Grbb:ub Cb ra:H,ua+1 Ca
v Fory b K4p Tad K4a, 0
" v\ |Ksa u SR )
+ vaGT::ua C, ( ) Gmfjrl w1 | Cb ( ) (6.6)
/"LTa,(l K4q /’l’rb:b Kap, O

This derived PDF was verified via Monte-Carlo simulations as shown in Fig. [6.1.
An asymptotic expression of the PDF can be obtained by the same way done in
(6.5)) for the CDF. In other words, by using the expansion of the Meijer’s G-function,

we can reach to an asymptotic result as

Kda,k C K4b,x
b Up Va
+ )
Ta,a > < oy b ) ( R4a k Rabx

Hl v L(Ravg = Fana) TT2 100, T (a0 — “4a,k)vva,€4a,k+vmb@_1
[T T(ksny — Fave) [120 T(K3ag — Kaak)

fa() = A3aA3buZaZ(

1
Hrgiz= k=1 z=1

(6.7)
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Figure 6.1: PDF validation for the maximum of two double GG variates

6.2.2.3 Moment Generating Function

In this section, the MGF of ~,, is derived in exact and asymptotic approach. First, the
CDF in (6.4])) is expressed in terms of the Fox’s H—functionﬂ using the property |44} Eq.
(07.34.26.0008.01)]

1 qmn Zl/C’ a

O pa (6.8)

2Fox’s H-function is a special function and defined in Appendix The function can be easily
valuated using MATHEMATICA® [91]
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As such, the CDF in (6.4)) can be rewritten as

F,.(v) = AsqAsp Ua,l C;/UG’Y (K5a, 1/va) up,1 C;/Ub’)/ (sb, 1/vb)
™ VaUp ro+1,uq+1 L o rp+1up+1 Ly b )
@ |(Kgq, 1/va) 00 [(Kgp, 1/0b)
(6.9)

where k5; = 1, Kk3; and kg; = Kys, 0. Afterward, is inserted in (3.17)) and with
applying the identity |92, Eq. (2.2)] to obtain

0,1 (051,1)
1,0 (7§777) Cl/va
As A T N B B
3a413b tas Foas(Va
M’YM (8) = H , (610)

UV,
atb ra+1,uq+1 (K6aslva ') oMo

1 s:u"rb,b
up,1 (k5b,[vp 7 1)

rp+1,up+1 (H6b7[vb_l])

where HJ.] is the bivariate H-function defined in the appendix [A| based on [92].
Simplified expression can be obtained if solving the integral in (3.17) but using

the asymptotic CDF (6.5 to reach to the following result

Kiak Cb Rap,x
) — I'(voKaar + Vokape + 1)

Mrb,b

112, 1Ak (K — Kaa k) Hl:l;l;éx (K41 — Kapa) g~ (Vakaa o Hobhanz)
Kaa kb | Loy D(Ksag — Kaak) [ 112 T(Kapy — Kap k)

M, (s) = A3QA31,Z“Z(

Hryi>>1 i1 o=t \Hria

(6.11)

By setting 0; = A\ = Q; = 1, fu = o, B = Bi, i = 525%, & >> 1 then h; = 1,
C; = (o‘;—fz) i, w =3, v =1, k3; = A(ry 1 €2+ 1), kg = A(r 0 €2), Alry = ay), Ay

B;) we have the special case of Gamma-Gamma turbulence perturbed by pointing

errors [90]. Setting the special parameters for the Gamma-Gamma case, the MGF
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can be expressed as

1 (K54 K50

* o 1,0:3rq,1:37,1 C C
M'yM (S) - A3aA3b G1,Ozra+1,37"a+1:rb+1,37‘b+1 e b1, (612)

Shirg,a’ Sty b

K6a | K6b

[.] is the extended generalized bivariate Meijer’s G-function (EGB-

MGPF) defined in the appendix (Al).

6.2.2.4 Moments

The moments of a random variable is defined in (3.20)). For 7, specifically, it can be

easily found by first placing in (3.20) and utilizing equation |93, Eq. (1.7)], we

obtain the following

(57(1’ Ub)7 (H'Sba Ua)

n
1/vy VaVp
nl __ MTaaa up+1,uq Cb Hrg,a
Elvi] = AsaAsy {(01/%) Ub Hua+7’b+17ub+ra+1 <Cl/va
a

a Hry,b

(I{4b7 Ua)7 (ﬁ&lu Ub)

n
Va UV
i Hory,b v, Heatlu T (K7b; Va), (K3a; V) (6.13)
Cl/vb ¢ uptratiuatrytl C;/Ub/»"Ta a '
b :

("i4a7 Ub)? (HSba Ua)

where f7; = 1 — Kg; — 7+ and Kg; = 1 — K5 — 7-. For Gamma-Gamma case, (6.13)
1 1

simplifies to

n
R7a, R3b
nix Hrq,a 3ry+1,3r4 Chiirg, @
E[il” = AzaAs [( C ) G bt 1 3y trat Cariny
a
Rab, Kga
" Kb, K
+ /Lrb:b XGSTQ+1,3rb Ca“rb,b by N3a (6 14)
C 3ry+ra+1,3rg+ry+1 Cpirg,a .
b
KR4a, K8b




97

6.2.3 Performance Analysis Measures

Based on the results obtained in Section [6.2.2] the performance of the selection com-

bining scheme over dual-branch FSO links is studied.

6.2.3.1 Outage Probability

The outage probability is simply derived by substituting (6.4) into (3.22)).

6.2.3.2 Average Bit Error Rate

To find the average BER of the system, (6.4) is inserted into (3.28)) then the iden-

tity [92, Eq. (2.2)] is utilized. Then, the result can be written as

ro+1,uq+1

ub,l

rp+1,up+1

(k5a,[va'])
(k6as[va '])
(ksbs[v, )

(kebs[vp 1)

C;/Ua
qlrq,a

, (6.15)
(71/vb

qHry,b

where p and ¢ indicate different modulation schemes parameters in |1, Table 8.1] .

An asymptotic expression of Pgc at high SNR can be derived as

_ - qp o0 L~
PSC / eXp<_qu) 7p 1F’YM
0

M"i’i>1 2F<p)

(7) d, (6.16)

where FVM is the asymptotic CDF of v, and defined in (6.5]). Solving the integrals
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leads to the following

_ AgaAg R4a,k Cb Kab,z
F T (vatiaa ,
>¢ o 1>>1 20(p kz: 2; ( ) Up (Vakia & T UpRap, +p)

ILZ, £k U'(Kiag — Kaa k) Hl:l;l;éz UKy — Kapz)

Raak Kaba lel F(/’iga,l - :‘i4a,k) H;L F(/i:ab,z - f<&4b,k)

Taa

q—(vaﬁ4a,k+vbﬁ4b’l‘)_ (617)

Above expression can facilitate extracting the diversity and coding gain of the system.
First, the formula (6.17)) can be rewritten in the form of (3.31f). Upon our observation,

this is possible if the absolute difference between {U =, f P f "; } € Ky; is significance.

If so, then the summation in (6.17)) reduces to a single dominant term results from

2
the min (g_z bie ﬁi) In this case, the diversity and coding gain can be written as

VT 3050 TN

Ga = VgRaak + VpKapz,

G, =g (A3aA3bCaﬁ4“”“Cbm‘b’xr(va/%a,k + UpKapz + D)
‘ 2F(P)/€4a,k Kab,x

-1/G
Hz vagk DBaag = Faaw) T2, U(kang — Kap ) ’
[12: T(ksa0 — Kaaw) [T T(kang — v ) ’ '
where k € {1,r,+ 1,1, + 1,0, + 1} and x € {1,r, + 1,7, + 1505 + 1}.
For the Gamma-Gamma case, the result reduces to
o+ AsaAsb 1,0:3r0,1:3r,1 P |f5a|fsb
sc = 2T (p) L0 3o Loy 41,3 4+1 q;fﬁ’ q/ﬁﬁ : (6.19)

— | K6a | K6b

6.2.3.3 Ergodic Capacity

The ergodic capacity of FSO systems is defined in (3.36). To find the the channel

capacity for the selection combining scheme, first (3.37)) is expressed in terms of the
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H-function as

1,1 (1,1),(1,1)

(1,1),(0,1)

In(l+z) = G;g = H;g x

(6.20)

1,0

Afterward Csc is obtained by using ([3.36)) along with the identities and [92, Eq. (2.3)]

yielding
0,uyp (1*N4b§[7};1]7[v;1])
Up,Th (1—kap3[vy '1.lvy ')
3bs51Y 1Y C;Ufrb,b
C;/”b
. Az, Asy 1,2 (1,1;,1,1)
CUsc = VaUp In(2) ekl
aVb .
2,2 (1707171) C;,/vaurb,b
1/vy
— C Ta,a
Ua71 (K5u7[va 1]) b a
ra+1uqa+1 (r6as[va '])
0,uq (1—kaa;[va 1, lva ')
Ua;sTa (1753“[1);1],[1);1]) Clirg,a
cl/va
1,2 (1,1;1,1)
2,2 1,0;1,1 1/v
( ) Cb/ bl“‘ayﬂ'
_ C(}./Ua;ufr b
up,1 (Ksbs[vy ') ’
o1 up+1 (wev,[v, 1)

For the Gamma-Gamma case, the expression is reduced to

- Az, Asyp, % 3rp,0:374,1:1,2 Fiap | w5a | 1,1 Caftry b Cliry b
SC 11’1(2) 3ry,rp:ra+1,3rq+1:2,2 Cotirg.a’ Ch
K3b|K6a 1,0
Kda [K5p|1,1
3rq,0:3r,1:1,2 B
G a by ’ blrg,a CHrg,a . 6.22
1 G ey 4 1,3r 4+ 1:2,2 Batinys’  Ba ( )
K3a | keb|1,0
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6.3 Numerical Analysis

In this section, we verify and validate our analytical results of hybrid FSO communi-
cation Systemsﬂ using computer-based simulations.

First, we investigate the BER performance of dual-branch FSO/FSO (r, = r, €
{1,2}) and RF/FSO (r, = 1 and 1, € {1,2}) SC systems under DPSK modulation
in which p = 1 and ¢ = 1. In this work, we consider two scenarios of atmospheric
turbulence conditions, strong (consider the following set of parameters: «;,; = 1.8621,
az; =1, b1y = 0.5, By, = 1.8, Q1; = 1.5074, and €; = 0.9280 such that \; = 17
and o; = 9) and moderate (consider the following set of parameters:a;; = 2.1690,
as; =1, B1; = 0.55, By; = 2.35, Oy ; = 1.5793, and Qy; = 0.9671 where \; = 28 and
o; = 13).

Starting with Fig. to show the impact of pointing errors on the performance
of single FSO link and dual-branch SC of FSO/FSO and RF/FSO. We can notice
instantly that SC helps to improve the performance comparing to the single link with
expense of utilizing more hardware at the receive side. Also, dual-branch RF/FSO SC
performance better than symmetric branches FSO/FSO. This encourages the inte-
gration of RF into FSO systems or vice verse. Regarding the asymptotic results, they
converge fast to exact ones even for low SNR (i.e starting at 30 dB). Interestingly, the
asymptotic results representing of all terms in the summation matches perfectly the
exact results which give our expression more value instead of using special functions.
In the same fashion, two dominants terms asymptotic results provide better match
than single dominant term.

Moreover, Fig. shows the impact of the turbulence conditions on the perfor-
mance of FSO systems. Clearly, they lead to some degradation. Again, the asymp-

totic results including all terms in the summation provide an excellent match with

3Hybrid systems are defined as systems in which RF and FSO technologies are employed to
enhance the communication link.
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Figure 6.2: The impact of pointing error (£ = 1.2) on the average BER of DPSK
over (a) single FSO link, (b) dual-branch FSO/FSO and (c¢) RF/FSO SC in strong

turbulence conditions.

the exact result. It is noticeable that for strong conditions the asymptotic expressions
including single dominant terms is better than for the moderate conditions and that
is due to the fact that the differences between {%, f—lo, f—f\ , i € {a,b}, for moderate
conditions is not significant.

Lastly, we evaluate another performance metric that is the ergodic capacity of
dual-branch SC FSO/FSO and RF/FSO SC as shown in Fig. (6.4 Generally, SC
systems provides higher data rate than a single link system. Also, we can notice that

behavior of RF/FSO and FSO/FSO capacity are not in big difference in contrast with
BER.



Average Bit Error Rate (BER)

Figure 6.3: The effect of turbulence conditions ((a) Strong turbulence and (b) Mod-
erate conditions) on the average BER of DPSK over single FSO link, dual-branch
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FSO/FSO and RF/FSO SC with severe pointing error, £ = 1.2

6.4 Conclusion

Closed-form expressions for the CDF, the PDF, the MGF, and the moments of the
maximum of two modified double generalized gamma variates were obtained. Based
on that, we derived analytical exact and asymptotic expressions for the average bit er-

ror rate and the ergodic capacity of dual-branch hybrid FSO SC systems. In addition,

Monte-Carlo computer simulations were carried out to validate our results.
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Figure 6.4: Ergodic capacity of single FSO link, dual-branch FSO/FSO, RF/FSO SC
in strong turbulence conditions and under severe pointing errors, £ = 1.2.
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Chapter 7

Performance of FSO Dual-Hop Relaying Systems

7.1 Introduction

Improving the performance and enhancing the capacity has been the motivation of
any newly developed scheme. For instance, relaying technology over the last decade
has received a great deal of interest as it enhances the capacity of the system in
addition to providing a wider coverage. The basic idea behind relaying is that a relay
node is positioned in the way between transmitter and receiver to support direct data
transmission. In other words, the dual-hop (DH) relay system consists of three main
nodes namely, a source (S) that intends to transmit the signal, a relay (R) node that
aims to cooperate in sending the signal to the end node, and the destination (D) that
is the receiver.

Relaying can take several modes depending on the requirements of the implemen-
tations. For example, the system can be symmetric and asymmetric (i.e. symmetric
system is when source-relay (S~R) and relay-destination (R~D) links fall under the
same fading model). Asymmetric link is more practical and can be expected in a
real-life environment as the received signals can be transmitted via different com-
munication systems. In addition, the main task of the intermediate entity in the
dual-hop system is to cooperate in transmitting the signal to the receiver. The co-
operation can be classified into two techniques namely, amplified-and-forward (AF)
and decode-and-forward (DF). The AF is particularly investigated in this work. In

AF technique, the relay hears the signal from the source, amplifies it and transmits it
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again in order to reach the destination. The amplification is usually associated with
a gain which can be either fixed or variable.

Multiple research works have been reported to analyze the relay system on both
symmetric and asymmetric links [94-97]. Moreover, relaying over FSO system was in-
troduced and then followed by several research work concerning symmetric multi-hop
FSO systems over K-distributed, Gaussian and Gamma-Gamma turbulence chan-
nel [98-100]. On the other hand, several studies have been conducted to analyze
asymmetric fixed and variable gain FSO relay systems as such integrating RF links
in FSO systems. Specifically, assuming that RF and FSO links are, respectively, sub-
ject to Rayleigh and Gamma-Gamma or M-distributed turbulence channels [101H103].
Analyzing variable gain relay system analytically might not be tractable and math-
ematically not feasible. Throughout the years, the end-to-end SNR has been upper
bounded by the minimum SNR among the sublinks |[104] and harmonic mean of the
each link SNR [105]. Few research work have been reported focusing on variable gain

FSO relay systems over Gamma-Gamma with pointing errors [90,/106,[107].

7.2 QOutline

In this chapter, we consider both symmetric and asymmetric dual-hop FSO link. For
the symmetric link, we assume that both FSO links experience double GG fading
model and under the effect of pointing error. On other hand, when asymmetric link
is investigated, it is assumed that the S~ R link is operated via RF and experience
Rayleigh fading [56,/101] while the R~D link is an FSO link and experience double
GG fading.
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7.3 RF-FSO Fixed Gain Dual-Hop Transmission Systems

7.3.1 Channel and System Model

In this section, we consider asymmetric fixed gain dual-hop system in which the RF
link (S~R) experiences Rayleigh fading whose SNR can be modeled by an exponential

distribution with a PDF given as [1]
f’}q (71) = _ieXp <_g> ) (71)
71 71
such that 7, is the average SNR. On the other hand, the FSO link (R~D) is assumed
to experience turbulence induced fading with the impact of pointing errors whose SNR,

PDF f,,1(72)is given in (3.10). As a result, the end-to-end SNR, ~ of the dual-hop

fixed gain transmission system cane be given as [56}/101}/108|

1y
7 = 72 1—|_2G ) (72)

such that G is a fixed relay gain.

7.3.2 Statistical Properties

In this section, we derive the statistics of the end-to-end SNR, ~.

7.3.2.1 Cumulative Distribution Function

The CDF of 7 is defined as [108§]

7.3

* Y172
= Pr|l—— < d
/0 r {72+G v 72} fra (72) drya,

° G
=1—exp (—_l> / exp <—j—) frs(72) da.
1 0 Y172

7y
FW(V):Prl - <7
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Utilizing [44, Eq. (07.34.03.0228.01)] along with [43, Eq. (9.31.2)] to express the

exponential function in terms of the Meijer’s G-function as

, (7.4)

and then applying it on [44, Eq. (07.34.21.0013.01)], the CDF of 7 can be expressed

as
G\’ K
F,(y)=1- Asexp (—_l) G?Zig C ( i — ) ’ ) (7.5)
g UH2,r 71 kg, A(v : 0)
where
2501-1/2 \B2-1/2 () r =022 g4 8y 2
A= 57 i — (7.6)

Vo AL(B1)T(B2)

The CDF can be expressed at high SNR as

o= 7\ T T (ks —
F,(v) = 1—Asexp (—_l> Z {C‘l (—U'u?”l) } Iz I (Rsi — Rise)

pr>1 ) = vG [T=i T (k3 — ksk)
(77)

where kg = k4, A(v : 0). In the case of the relay link, the dominant terms for ((7.7)

and for the asymptotic expressions derived ahead are dominated by the summation

£ B B E) while the second term

of two terms. The first term corresponds to min <—, , 22
rv’ ro’ rA’ v

corresponds to <=1 that is the (u 4 v)” term in &s.
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7.3.2.2 Probability Density Function

The PDF is obtained by differentiating ((7.5)) with respect to 7, using the product
rule, and then utilizing [44, Eq. (07.34.20.0002.01)] as

A3 e G\’ K3
.hw>=am(—l) As v c( 7__)
71 gkl V2,1 kg, A(v 2 0)
A v Y G ! 07 K3
e o (%) (78)
v UH2 71 Kgy A(v 2 0),1

7.3.2.3 Moment Generating Function

Substituting (7.5)) in (3.17) and utilizing [44, Eq. (07.34.21.0088.01)], the MGF can

be expressed as

4—r(Ao)—2ag _
S€2Jﬁ1—1/2)\52—1/2<27r)72 rP1+P2—2

(/71 + 8)T(B1)T(B2)

G v
<attn | ¢ (g =
ot (1/71 + 5)#2,r71

M, (s)=1-

A(v:0), k3
kg, A(v 2 0)

(7.9)

Using the asymptotic expansion of the Meijer’s G-function (3.14)), the MGF can be

approximated at high SNR with
4—r(Ato)—2ag
BL=1/2)\B2=1/2(Qr ) 52" pf1+B2—2
Mys) & 1- AR @) 2 o
pr>>1 25 H1/7 + s)D(B)T(B2)
X % { ( L/71 + 8)pa, Wl)v] - H7+1vl;ék (s = #se) [Tisy T ({A(0: Db+ wse)
G L= T (ks — ks '

(7.10)
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7.3.2.4 Moments

The moments is defined as (3.20) can be expressed in terms of the complementary

CDF, Fi(y) =1 = Fy(y) as

E["] £ n/ooo VTS (y)dy. (7.11)

By using this definition (7.11) and placing the complementary of (7.5 into it, we
obtain the moments after utilizing [44, Eq. (07.34.21.0088.01)] as

Ehn] B wn€2aﬂ1—1/2)\ﬁ2—1/2(2ﬂ_)MTBH-&—Q oo . ( G )v A(U 1 — n)7 g
()1 =T(B1)T(B2) vty e NG
(7.12)

Using again the asymptotic expansion of the Meijer’s function (3.14)), we can express

(7.12) asymptotically at high SNR as
EH" =
LE (@) T (BT (%)

y T2 T (ksg — ks i) T2y T ({A (v n) b + mse)
[Li T (kae — k)

4—r(Ato)—2ag _ +
Wn§206171/2/\5271/2(27r)72 pBitB2—2 LT o1 </~L2,r V] —Ks k
G

. (7.13)

7.3.3 Performance Metrics

In this section, we evaluate the performance measures of the dual-hop RF-FSO relay

transmission system.

7.3.3.1 Outage Probability

The outage probability is obtained by substituting ([7.5)) into (3.22)).
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7.3.3.2 Average Bit Error Rate

Placing (7.5)) into (3.28)) and utilizing |44, Eq. (07.34.21.0088.01)], we obtain P, as

4—r(A+o)—2ag)
2

o 1 PE25P1-1/2 \B2—1/2 (D yBitB2—2
p,_L_ 1% (27)

2 2(aN)P(1/7, + ¢PT(B)T (BT (p)
Av:1—p), k3
kg, A(v: 0)

(7.14)

G v
G c( _ _)
ot (1/7, + Q) p2.7

Py, can be expressed at high SNR as

4—r(A+o)—2ag)
2

- 1 qp€2051—1/2)\62—1/2(27r) yBitB2—2
P, =

“u>12 2N P(1/3; + )T (B1)T(B2)T (p)

% g: { ( L/ +G(1)/~Lz m)”} ek

H?+1Ul7ék (rgs — ksp) [Ty T ({A(v = p)}i + Fsr)
[T T (k31 — rsi) '

(7.15)

7.3.3.3 Ergodic Capacity

The ergodic capacity in (3.36]) can be expressed in terms of the complementary CDF
[109, Eq. (15)] as

C= /OOO 1n%2) (14 67) ' Fo(v)dy. (7.16)

We utilize the identities [44, Eq. (07.34.03.0271.01), Eq. (07.34.03.0228.01)] to ex-
press (1+dv)~! and exp(y/7,) in terms of the Meijer’s G-function, respectively. Next,
to solve the integral with the product of three G-functions, we transformed each term
into the Fox H-function [110] using [44, Eq. (07.34.26.0008.01)] and then we use the

identity [92, Eq. (2.3)] to obtain C in terms of the H-function of two variables [92, Eq.
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(1.1)]

— A357 0.1:1.1:u+v.0 (0§171) (071) (537[('”)71%) v
C= 1n(2)’:] H1:0:1:1:r,-zt+’v 1 Cj}lci;l/r » (717)
= 1O (rs,[(0) " utv) 7
where [x]; = z,x,...x, comprising of 7 terms and HZ'__""""'"[] is another form of

11111

the bivariate H-function.
In addition, we can obtain an asymptotic expression of the ergodic capacity utiliz-
ing the expansion of the Meijer’s G-function. In other words, exploiting the asymp-

totic expression of the CDF in (7.7)) to be then inserted in (7.16) leading to

Ag 1 utv G VK8, k
6 & —_— S CK/S,IC 1—1 _ 1 5_
pe>1 In(2) P (571) Z (71571/@,) (—vksk, 1/07)

k=1
y Hgﬁl;ﬁk I (ks — ks ) I'(1 + s k)
[T= T (k3g — ksk) ’

(7.18)

where T'(.,.) is the upper incomplete Gamma function.

7.4 FSO-FSO Variable GGain Dual-Hop Transmission Systems

7.4.1 System Model

In this section, we present the performance analysis of symmetric dual-hop FSO
variable gain relay transmission system over double GG fading and under the impact

of pointing error. The end-to-end SNR of the system is known to be given by

Y172
y =

= 7.19
Lty +7 (7.19)

where 7; and 7, corresponds to the SNR of S~R and R~D links, respectively. The
definition of the SNR in ([7.19) is mathematically not easy to handle. Therefore, it is
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typically approximated by [104]

Ym = min(y1, ¥2), (7.20)

such that the statistics if 7, and 75 can be found in Sec. [3.3

7.4.2 Statistical Properties

In this section, we list the statistical properties of the minimum of two modified

double generalized gamma random variables, 7y,.

7.4.2.1 Cumulative Distribution Function

The CDF of the minimum of two random variables is given by

F,.(y) = 1 = Pr(min(y1,72) > 7)
=1—Pr(y >~yand v > 7)
=1-—Pr(v; >7)Pr(y>7)
=1—(1—=Pr(y1 <7)Pr(l—(v2<7))
=1-(1-F,() 1= F,()

= F’h (7) + F’Y2 (7) - F’Yl (’Y)F’Yz (7)7 (7'21)
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under the assumption that v, and 7, are in.i.d. Substituting (3.13)) in (7.21)), the

follwoing result is obtained

ve |11, K v 1, K
) Y y 'v3a y , R3p
P = Gt | G () F G | 6 (1)
Ta,A /{46“ O Tbh, /{41)’ O
va |1 K % 1. K
Ua, Y » V3a up, y » K3b
- A3aA3bGTa+11,Ua+1 C‘l ( > T:Jrll,ubJrl Cb ( )
Ta,d Kaq, 0 Moy b Kap, 0
(7.22)

In addition, an asymptotic expression can be obtained via the expansion of the Mei-

jer’s G function as

_ < (4O ek [0 D (Kdag — Kda k)
Pty = As ( ) gk tal ~ Mo

Hr; i >>1 el Mra a Kda,k H?L F(“Sa,l — /<}4a7k)
K xT
a3 (L) T M M ) gy
z=1 :Zb Kab.a Hl:l [ (K3p1 — Kaba) MR

where F.,, (7) is defined in (6.5)).

7.4.2.2 Probability Density Function

Differentiating ([7.22|) with respect to 7, a closed-form expression of the PDF of 4y, is

obtained as

K3b
- f’YM (7) )
Rab

A a, qu Yo
f'ym( ) j Grs,ua Cll( i >

K3 A v
“l 4+ Eyged Cb< 7 >
/’[/Ta,a fy

Tb,Ub
R4CL /'[/T‘b,b

(7.24)

where f,, (7) is defined in (6.7). Monte-Carlo simulations were utilized to verify the
PDF as in Fig. [7.]

Similarly, an asymptotic expression of the PDF can be obtained when expanding
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6 T T T T T T T T T
I \Vonte-Carlo simulation
Exact analytical result
= 5 — — — Exact asymptotic result 7

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
v

Figure 7.1: PDF validation for the minimum of two double GG variates

the Meijer’s G-function leading to

f'Ym (7) ~ A3ava Z

Uq K4a,k Ua —
< C, ) ¢ Hl:l;l;ﬁk I'(Kaa, 54‘%’“)7%54‘1,;@—1

g i>>1 —1 M?Z,a 211 F(’f&z,l - K;4a,k:)
up R4b,x up,
Cy [1210. D(Raps — Kapz) L
+ Aszpup Z : PRt — f (7 7.25
=\ Ly [1:2, D(kabs — Kap) (), (725)

where f,,,(7) is defined in (6.7).
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7.4.2.3 Moment Generating Function

Placing (7.22) in the definition of the MGF (3.17)), and utilizing Eq. (6.10) and |44,
Eq. (07.34.21.0088.01)], the MGF can be expressed as

301/ va | A(vg, 1), K
Uq Ug,,V a a y '3a
M’Ym (S) va L \va—1 Gr;l—f—ga JUq Ca ( ! )
(271') Sura,a Kia
ASb\/ v v\ | Ay, 1), K
(2 = ——t Grrop | Cb (su ; — M., (5). (7.26)
™) 2 Th, Kb

More simplified expression for the MGF can be obtained if the expansion of the

Meijer’s G-function (3.14)) was utilized as follows

~ Uqa Ca R4a,k]__‘va/{/a ufa. P/{a —/{a
M, (s) = Agavaz ((—> (Vakis vk)Hlfl,lyék (Kaa, dak)

My i>>1 1 S,ura’a)’ua H;il F(Hi’)a,l - K4a,k)

l fave T(vpkapz) [ 11200 L (Kabt — Kapz .
Th,

H;L F(K?;b,l - fi4b,a;)

where M., (s) is defined in (6.11). The MGF for Gamma-Gamma model can be

obtained by setting the same parameters listed in Sec.

* A 3ra,1 Ca 17 K3a A 37,1 Cb 17 K3p
M’Ym ( ) = 3aG7'a+1737'a S + 3b G"'b+1:37’b St
"o ] Kag b | Ky
1|Ksa|Ksb
1,0:3rq,1:37p,1 C Ci
- A30«A3b X Gl702Ta+173Ta+12Tb+173Tb+1 SNTZ ) Sﬂrz s | (728)
— | K6a | K6b
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7.4.2.4 Moments

Substituting (7.24]) in the definition of the moments (3.20) and utilizing [44, Eq.
(2.25.2.1)] and Eq. (6.13)), the moments is obtained as

rasa " Kdat+ o - " Kap+ - .
B = Aw (252 T Ay, ((’;/) ol S ERg), (720)

K3a+% b KSb"l‘ﬁ

n

X m
where E[yy;] is defined in (6.13)) and T = [[ [(x;)/]] T'(y;) such that m and n
y i=1 i=1
are the lengths of x and y, respectively.

In the Gamma-Gamma case, (7.29)) simplifies to

n % Ta,a " Kaatn 4,0 ! rabtn
Ehm] = Asa (g,l/va> I + A (gljvb> I
a K3a+n b K3p+n

n

A A Hraa ) 3rp+13r Coping.a |70 V30

3a413b C 3ra+ry+1,3ry+re+1 m

a
Kb, Kga
" KR KR

+ Moy b Q3ratl3n, Catiry b by N3a (7 30)

Cb 3ry+ra+1,3rg+ry+1 Cphirg,a .

R4q, K8b

as found in |90, Eq. (16)].

7.4.3 Performance Measures

In this section, we present the performance analysis of a dual-hop FSO variable gain

relay transmission systems.

7.4.3.1 Outage Probability

The outage probability of the system is obtained by substituting (7.22)) into ([3.22)).
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7.4.3.2 Average Bit Error Rate

P, is obtained by placing (7.22)) into (3.28)), and utilizing (6.15) and [59, Eq. (20)]

yielding

A(Uaa 1 - p)7 R5q

? o A3avtll)_1/2 Gua,va+1 C ( Va )va
b Ya— TaTVa sUag a
oT (p)(2) 5= et hre Qhiroa

Rga

A(vy, 1 —p), K _
( b ) 5b _Psc. (7.31)

P_1/2 v,
n ASbUb Qb oot Ob( Up )b

vp—1 rb+vb+1,ub+1
qlu"l’b,b

20 (p)(2m) =

Reb

Furthermore, an asymptotic expression of the BER via Meijer’s G-function expansion

(3.14) is obtained by solving (6.16)) as follows

B o As, i ( c, )”4“”“ L(varigan + ) T1Z 10k DK — Kaar)
P o1 20(p) &= \ (gt )" Faage L D(Raad — Faa)
Asp i ( C, )”4’”’ U(vpkiape + ) [ 1121000 T (Kabt — Fapa)

v — Pge,  (7.32
2I'(p) qlry 7 Kbz Hlil F("{Sb,l — fi4b,x) ¢ ( )

=1

where Pgc is defined in (6.15)). In this case, diversity or coding can not be extracted

due to the fact that the expression consists of 3 terms and can not be reduced to the

form of (3.31]).

For the case of Gamma-Gamma, we have

=% A3a 3rq,2 Oa 1- P, Rsa A3b 3rp,2 Cb 1- D, Ksb
20(p) A Gy g

DH QF(p) ra+2,30+1 q,ura,a

Réa Reb

(7.33)

—=*
sC
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7.4.3.3 FErgodic Capacity

Using (3.36)), (3.37)), along with the identities [111, Eq. (12)], and |44, Eq. (07.34.21.0011.01)],

we obtain the ergodic capacity in closed- form as

GDH _ A3b Ubjrr;’Ub,Ub+2 Cb Hgb? K::))b
vp—1 Tb Vb, Up Vb v,
n(2) (2" )™ |y
ASa +2 Oa K9a, K3a —
o G —_— - C (7.34)
o—1 Ta+20q,Uq+2vq Va SC
ln(z) (27T)U (5/’67'117[1) H;4(l7 "i10a
where kg; = A(v;,0), A(v;, 1) and k19; = A(v;,0), A(v;,0).
For the special case of Gamma-Gamma, we have
= Asp 3121 Cy 10,1, K3y Asa ~3rat2.1 Ca (0,1 ks Vol
DH 111(2) rp+2,3rp+2 5/’LTb7b H4b’070 1n(2) ra+2,3rq+2 5Mra,a /{4(1’0,0 sc*
(7.35)

7.5 Numerical Analysis

In this section, we validate our analytical results and compare it with computer-based
Monte Carlo simulations. In fact, we present selected examples of the performance

of the two proposed systems.

7.5.1 RF-FSO Fixed Gain Dual-Hop Transmission Systems

The outage probability of mixed RF-FSO dual-hop relay transmission system expe-
riencing different turbulence conditions is presented in Figs. [7.3, and with
varying & and r to show the impact of pointing errors and the detection technique. In
Figs[7.2)and [7.3] the average SNR. of the second link is fixed to p,. 2 = 27 dB and the

OP is evaluated with respect to the average SNR of the first link, 7,. It is observed



Outage Probability (OP), P

t| —©— Strong turbulence conditions
| —&— Moderate turbulence conditions
*  Simulation
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Average Signal-to-Noise Ratio (SNR), 7, (dB)

Figure 7.2: Outage probability of mixed RF-FSO system link under strong and mod-
erate turbulence conditions for both detection techniques, heterodyne (r = 1) and
IM/DD (r = 2) with £ = 1.
that considering heterodyne detection for the FSO link leads to reduction in the OP
of the system. Moreover, high effect of pointing errors results in higher outage of the
system. In Fig. , however, the average SNR of the RF link is fixed as 7, € {20, 40}
dB and the average of the second link, ps 9 is varied. It is shown that for lower 7,
the system saturates very fast and the asymptotic results converge fast as well.
Similarly, the average bit error rate performance under DBPSK modulation where
p=1and ¢ = 1 for RF-FSO dual hop relay was evaluated in Figs. [7.6] and [7.7]
More specifically, in Figs. and the BER is evaluated with respect to the first
hop average SNR, 7,. As expected, utilizing heterodyne detection for the FSO link
provides better error performance than if IM/DD is considered. Also, high pointing

errors effect lowers the system performance. On the other hand, in Fig. [7.7] the BER
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Figure 7.3: The impact of pointing errors on the outage probability of mixed FR-FSO
relay link under strong and moderate turbulence conditions using IM /DD technique
(r = 2) with varying pointing errors.

is evaluated with respect to j22 along with asymptotic results. Similar to the OP,
low values of 7, leads to system saturation and better convergence for the asymptotic
results (utilizing the dominant terms).

Furthermore, the ergodic capacity of mixed RF-FSO dual-hop system operating
over double GG turbulence channel under the impact of pointing errors is evaluated
in Figs. [7.8] and [7.10] Specifically, in Figs. and [7.9] the capacity is evaluated
with respect to 7. It is clear that heterodyne detection technique provides higher
capacity than IM/DD. However, the capacity is still low when the pointing errors
effect is high. Furthermore, in Fig. [7.10, we compare the capacity of the system
for 7, = 20 dB and 7, = 40 dB. It is observed that higher 7, yields better system
capacity. Finally, in Figs. [7.9] and the asymptotic results based in all terms
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Asymptotic result (All terms) |
.......................... <+ = — — Asymptotic result (2 terms)
N *  Simulation

|
N

Outage Probability (OP), P,
S
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Average electrical signal-to-noise ratio (SNR), us2 (dB)

Figure 7.4: The impact of 7; on the outage probability of mixed RF-FSO relay link
under strong turbulence conditions using IM/DD technique (r = 2) with varying
pointing errors.

as in Eq. ([7.18)) are presented. Interestingly, they perfectly agrees with the analytical

results.

7.5.2 FSO-FSO Variable Gain Dual-Hop Transmission Sys-

tems

The BER over DPSK modulation and ergodic capacity of variable gain FSO relay
systems Figs. and [7.12] We had to compare the performance of a single FSO link
that suffers both strong turbulence conditions and severe pointing errors with relay
assisted link of RF-FSO and FSO-FSO experiencing moderate turbulence conditions
with £ >> 1. Clearly, relay links outperform the single link in addition to providing

higher data rate. Moreover, the asymptotic analysis shows an excellent match with



Average Bit Error Rate (BER), P,

—©6— Strong turbulence conditions
—+&— Moderate turbulence conditions
*  Simulation

0 10 20 30 40 50 60 70
Average Signal-to-Noise Ratio (SNR), 7; (dB)

Figure 7.5: Average bit error rate of mixed RF-FSO relay link under strong and
moderate turbulence conditions for both detection techniques, heterodyne (r = 1)
and IM/DD (r = 2) with £ = 1.

the exact results even for low SNR values (i.e starting at 20 dB).

7.6 Conclusion

Closed-form expressions for the CDF, the PDF, the MGF, and the moments of the
end-to-end SNR of RF-FSO fixed gain and FSO-FSO variable gain dual-hop relay-
ing systems were obtained. Furthermore, we developed analytical expressions for the
average bit error rate and the ergodic capacity to evaluate the performance of both
systems. Monte-Carlo computer simulations were carried out to validate our analyt-
ical results. Our results are expressed in terms of some special functions, however,
relatively simple asymptotic limits at high SNR were provided. Finally, it can be

concluded that relaying can be helpful in supporting FSO links.
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Figure 7.6: The impact of pointing errors on the average bit error rate of mixed
RF-FSO relay link under strong and moderate turbulence conditions using IM/DD
technique (r = 2) with varying pointing errors.



124

-1 7@*&:1 i
10 e -e-67 ]
| P Asymptotic result (All terms) |4

— — — Asymptotic result (2 terms)
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Figure 7.7: The impact of 7, on the average bit error rate of mixed RF-FSO relay
link under strong turbulence conditions using IM/DD technique (r = 2) with varying
pointing errors.
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Figure 7.8: Ergodic capacity of mixed RF-FSO relay link under strong and moderate
turbulence conditions for both detection techniques, heterodyne (r = 1) and IM/DD
(r =2) with £ = 1.
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Figure 7.9: The impact of pointing errors on the ergodic capacity of mixed RF-FSO

relay link under strong and moderate turbulence conditions using IM/DD technique
(r = 2) with varying pointing errors.
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6r % Simulation |
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Figure 7.10: The impact of 7; on the ergodic capacity of mixed RF-FSO relay link
under strong turbulence conditions using IM/DD technique (r = 2) with varying
pointing errors.
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Chapter 8

Summary of Contributions and Future Work

8.1 Summary of Contributions

A general model for scintillation and misalignment is crucial in order to effectively an-
alyze and assess FSO systems. In this thesis, first a general model for turbulence with
the effect of pointing errors is provided in order to evaluate the major performance
metrics in exact and asymptotic ways. Then, generalized model for misalignment was
investigated to facilitate finding the asymptotic ergodic capacity of a single FSO link
which agrees with the exact results at high SNR.

The next part of the thesis aims to examine several ways to mitigate the effect
of scintillation and pointing errors. First, the performance analysis of selection com-
bining diversity techniques is studied and it has been shown that it can effectively
be used to overcome the scintillation. Finally, amplify-and-forward FSO relaying is

investigated and it has shown great potential, especially with the integration of RF

links.

8.2 Future Research Directions

This research work of this thesis can be extended in different directions. First, for the
double generalized Gamma model, there is still a need to link the parameters of the
distribution with the scintillation index to fully characterize the turbulence channel
and to model real-life scenario. Second, the pointing error definition is an approxi-

mation which motivates research direction in the area of finding the exact definition
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in terms of the radial displacement. Third, closed-form statistics and performance
metrics of a generalized channel model considering the Beckmann distribution can be
further investigated.

Since the FSO channel can be considered as composite channel taking the large-
scale and small-scale effects into consideration in addition the pointing errors effect,
an approximation of either double generalized Gamma or Gamma-Gamma model will

be further studied.
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APPENDICES

A Special Functions

Meijer’s G-function The Meijer’s G-function can be defined as a line integrals in the

complex plane as follows [112]

mon ay, <y Qny e S)H? 1F(1—(Ij—|—8) s
Gpg' | 2 / 2 %ds.
bi,....,bp, ..., b q 27” H] m+1 b +8) Jj= n+lr(a’ _8)
(A1)

The definition of the Meijer’s G-function is satisfied under some conditions as

e The variables m, n, p and ¢ are integer numbers i.e. 0 <m < qgand 0 < n <p.
o 2 #0.
e Fork=1,2,...,nand j=1,2,...,m,a, —b; #1,2,3,....

The Meijer’s G-function can be simply evaluated using a built-in function in MATHEMATICA®.

Fox’s H-function The Fox’s H-function is considered as a generalized form of the

Meijer’s G-function that can be defined as

(a1, A1), (ag, Az), ... (an, Ap), ..., (ap, Ap)

(bl,Bl) (ba, Ba), ..., (b, Bm), - .., (by, Bp)

/ — B;s) []}- 1F(l—CLj%—Ajs)
Hg ——e)

HT)’LTL

pP.q

S ds. A2
—bj + B;js) —Ajs)z ° (4.2)

J i1 L(ay
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The Fox H-function can be evaluated using the MATHEMATICA® script available

in [91, Appendix A]. Furthermore, the Fox H-function reduces to the Meijer’s G-

function when A; = B, =C>0forj=1,...,pand k=1,...,q as

(a1,C), (az,C),...(an,C),...,(a,,C) 1

ai, ...
mn _ = mmn 1/C ’
Hpo' | 2 = (C A I

(b1,C), (b2,C), ..., (b, C), ..., (bg, C)

(A.3)

Extended Generalized Bivariate Meijer’s G-function A general form of the Meijer’s

G-function was defined as

(a)|(c)|(e) 1

— o U(s, t)zyt
T,y i) /L1 /L2 (s +t)U(s,t)z’y" dsdt,

Gml ,0:n2,ma:n3,m3
P1,91:P2,92,P3,93

(b) ()1 ()

where notation (a), (b) and (d) stand for
(@) =aq, ..., Qmy,- -, 0p,,

(b) :bla'-->le17

(d):dl,...,dm,...,aql

with similar interpretations for (c), (e), and (f).

In[A.4] L; and Ly are suitable contour lines

[[72, T(a; +s+1)

P(s+t) = |
( ) §1=m1+1 I'(l—a;—s—1) ;]-1:1 I'(b; +s+1)
(s p) = Lm T = H O ITA T =6 + O T2, T, = 5)
]J?imz—&-l F(Cj —s) §1m3+2 F(ej —t)
% I T —1)

e I'1—d;j+s) %:ngﬂr(l —fi+t)

Jj=na+1 J

(A.5)
(A.6)

(A7)

(A.8)

(A.9)

The EGBMG function can be written in another presentation as [59, Table. I] and
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easily evaluated in MATHEMATICA® using the code given in [59, Table II].

H-function of Two Variables The bivariate H-function was first introduced in [92]

and is defined as

0,n1 (apl ;apl,Apl)
P, @ (bfu iB41Bay )
T
m2,n2 (Cp iTp ) 1 s
H o = W/ d1(s,1) da(s) os(t) 2yt ds dt.
Pp2,q2 (dq1 QQ) L1
Yy
m3,n3 (61’3 EP3)
i P3,4q3 (f<13 FQ3> ]
(A.10)
where ¢1(s,t), ¢2(s) and ¢3(t) are defined as follows:
mor 1—a<—|—a~s+A<t
¢1(5,1) = == L T = a; o, ) (A.11)
a1 Ly — oz]s—At) Y (1= b; + Bjs + Bjt)’
Ga(s) = an (1 —cj+r;s )H;njl F(d] —0;s) (A.12)
] m2+1 F(CJ ) ;] no+1 F<1 - dj + 52'8)7
oty = AT 06 BOTERIU, B s
] n3+2 F<€J ) ;1'3:m3+1 F<1 - fj + E?t)

Such that = and y are not equal to zero and the set of variables {p1, ps, p3, q1, g2, g3, N1,
ng, N3, M1, Mg, M3} are non-negative integers satisfying the following conditions p; >
ny > 0;p2 >no>0;p3 >n3 >0, g1 >0, go > mg >0and gz > m3 > 0. The
function can be evaluated efficiently using the MATHEMATICA® implementation
in [59] or the MATLAB® implementation in [113]. In this work, the bivariate H-

function was implemented and easily evaluated in MATHEMATICA®.
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B The relationship between the extended generalized-K

and double generalized Gamma distributions

Statistically, the extended Generalized-K (EGK) [47] and double Generalized Gamma
(DGG) developed by [46] models are equivalent. The EGK is originated from the
Generalized Nakagami-m (GNM) random variable (RV) i.e. R; ~ GNM(m;, &, w;)
where m;, &, and w; are the fading, shaping parameters, and the average power,
respectively. On the other hand, the double Generalized Gamma RV [ is based on
the generalized Gamma RVs I; ~ GG(w, B;, ;) where f3; is the fading parameter, a;
is the shaping parameter that can be derived from variance of the small and large

scale fluctuations [17, Eq. (18)-(20)] inserted in [46, Eq. (8a), (8b)] and €2; given

It is well known that the square of GNM, R?, is Generalized Gamma RV, I; [91].

as [46, Eq. (9)]

The probability density function (PDF) of R? given in [91, Eq. (7)] after some

mathematical manipulation can be equal to

; m;&;i—1 Bz m;§; BZ &
fre(2) = f;(T) (;) exp {— ( wz) } ; (B.2)

where I'(.) is the Gamma function as defined in [43, Eq.(8.310)] and B; = F(mr(;mlf)

Comparing (B.2)) to the Generalized Gamma PDF in [45, Eq. (2)]

d—1

£e0) = s (G) ) (B.3)
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we can reach to the following

w.
i = &y d; = m;&;, d ;= —.
pi =& m;é an a B,
In addition, the PDF of I; can be found in |46, Eq. (1) or (2)]
a Pt (BT Bi
. I = — — __IOéi
fuld) I'(6:) (Qz> o { Q; }
Comparing it to (B.3]), we reach to the following
Q,L' 1/0[2'
Di = Qy, d; = By, and a; = (E) .

Then, given that w; = E[R?] = E[[;] = 1 we can relate the parameters as

AN
= —) B == )
& = i, m; = Bi, i (Q

Next, let

R = RIR;,

(B.4)

(B.7)

(B.8)

where R and R, are a pair of independent Generalized Nakagami-m RVs represent-

ing the shadowing (large-scale) and multi-path-fading (small-scale) with normalized

average powers (i.e. E[R?] = w; = 1 and E[R3] = wy; = 1) leading to R being an

extended Generalized-k random variable [47] i.e. R ~ Kg(mq, &1, me, &, wi, wy) with

PDF equals to [47, Eq. (3)] [48, Eq. (26)].
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where HJ"""[.] is the Fox’s H-function that can be evaluated efficiently using MATHEMATICA®

code listed in [91]. Now, let

] == 11[2, (BlO)

where [; and I, are independent RVs representing the large-scale and small-scale
fluctuations, respectively. [ is identified as a double GG RV whose PDF is given
in [46, Eq. (4)] as

Alo:1—=7051),A\N:1— 5
. (021 B).AR: 1)

ap Aoz N2 E (o) (Qz )A oo Qg

GO,)H-U
L(B)L(B2)1 MO\ NI ) 578y

(B.11)

where G7"[.] is the Meijer’s G-function as defined in [43, Eq.(9.301)], A and o are
positive integers such as % = ot and Alr:y) 2 4 y7+1 cee yJ“i—_l Numerically
coincides with as shown in Fig. m

Although they are equal, the EGK distribution was mentioned in the literature
to describe the fading model in radio frequency (RF) communications. To our best
knowledge, double generalized Gamma was first mentioned to model the optical ir-
radiance in [46]. The PDF in is in terms of the Meijer’s G-function that
can be easily evaluated by MATHEMATICA® built-in function compared to the Fox

H-function.
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Figure B.1: Comparison between PDFs obtained analytically and via Monte Carlo
simulations for EGK and double GG distributions.
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C The relationship between the Malaga and double

generalized Gamma distributions

The Malaga distribution (i.e. I (&, 8,7, Q)) and double generalized Gamma distri-

(Bi+1/a)
different. In other words, the DGG distribution is based on a doubly stochastic the-

bution (i.e. Igg(ai, B, ag, P2, 1, Q) where Q; = (%) i Bi) are statistically

ory of scintillation and assumes that small-scale irradiance fluctuations I, are coupled

with large-scale irradiance fluctuations of the propagating wave I, [49]
I = 1,1, (C.1)

However, the Malaga distribution models the small-scale into three parts: the first
one is the LOS component Uy, the second one is coupled to the LOS contribution and
is quasi-forward scattered by the eddies on the propagation axis US, and the third
one is the energy which is scattered to the receiver by off-axis eddies U§ [49]. Thus,

the irradiance can be written as

Iv = Uy + U§ + U§|? exp(2X) (C.2)

— LI, (C.3)

Interestingly, the I'T" model (i.e. Irr(a, )) is a special case of both. Hence, both
distributions can be linked to each other through the Gamma-Gamma model. First,

the DGG model is a four-parameter distribution, we can map these parameters into
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the Gamma-Gamma using the higher-order amount of fading given as

AR =

1, (C.4)

where the moments of the DGG and the Gamma-Gamma distributions can be written
as

n n

Qo p (ntaafr ) (Q2)°2 p (ntozbs
Ellge) = (3)7r( ?wg)r(&)) (e ) (C.5)
E[Iy] = Ff;?ig@f ) (C.6)

By solving the following system

2 2
AR = AF?)
3 3
AFP) = AR (C.7)
we can get o and 3 equal to
X —VX?2-4Y
a= : (C.8)
2Y
VX2 —4Y + X
b= v : (C.9)

where

2 3 2
CAAFD Y~ AFD 4 5AF)

X = ¢ , (C.10)
2AF) +2
AR —2(AFY) )? — 3AF}”

Y fea (C.11)

2AF) +2
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In addition, if we set the following parameters into the Malaga distribution: & = «
obtained in (C.8)), 3 = B obtained in (C.9), v = 0 and () = 1, the Malaga distribution
reduces to double GG.

15

| |
Double GG
— — — Gamma-Gamma
Malaga

a,=1.8621

0,=0.7638

B,=0.5

1 _ ]
B,=1.8

0

0.5

Figure C.1: Comparison between PDFs obtained analytically and via Monte Carlo
simulations for Gamma-Gamma, the Maélaga and double GG distributions under
strong turbulence conditions.

For example, in Fig. we show the Monte-Carlo simulation of double gen-
eralized Gamma distributed irradiance in strong turbulence conditions. Then, we

numerically evaluated the Gamma-Gamma irradiance PDF (2.9) with a and S ob-

tained in ((C.8)) and ((C.9)), respectively. After that we set the appropriate parameters

for the Mélaga PDF |49, Eq. 24] to reduce to double generalized Gamma. The small
difference between the PDFs in Fig. can be due to the approximation of 3 to be
a natural number. Overall, the mapping is simple and accurate. Furthermore, the

same methodology is performed for moderate turbulence as shown in Fig. [C.2] Com-
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Figure C.2: Comparison between PDFs obtained analytically and via Monte Carlo
simulations for Gamma-Gamma, the Malaga and double GG distributions under mod-
erate turbulence conditions

paring the two figures, it can be concluded that the approximation is more accurate

for moderate conditions.
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